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INTRODUCTION 
Upper Dairadian sediments are exposed on the north coast 
of Bauffehire and Aberdeenshire between Boyne Bay and Fraserburgh. 
The section is almost at right angles to the trend of the main 
structural features but there are strike sections of more than 
a quarter of a mile along the sides of Inlets, and vertical sections 
on cliffs up to five hundred feet high. Information on these rocks 
has been published by several geologists (see sections 2:1 and 4:2). 
Their description, of the structural geology and sedimentary 
petrology are extended here and new interpretations proposed 
(section. 2 and 4) in the light of modern work on the origin of 
folds and sediments Techniques involving the use of a computer, 
which might be useful In studies of this kind, are proposed In 
section 3. 
I gratefully acknowledge the supervision of Dr. M. R. W. 
Johnson and Professor F.H. Stewart; the assistance of Dr. L.K. 
Walton with the sedimentary petrology and of Dr. Lawley with the 
statistics; and a two-year grant from DSIR.. 
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Section 1 	TECTONIC PROCESSES AND THEIR RESULTS 
1:1 Recent work on fold development 
Recently, a number of authors have considered the mechanism 
of folding from a theoretical point of view. Although their work 
is restricted In its application, it nevertheless provides a useful 
background to Interpretations of the folding of the Upper Dalradtan. 
GriJ9 (1939) believes that deformation of rock is usually 
slow, taking place under small loads over long periods of time. 
In those circumstances rock deforms by creep, which can be 
analyzed into two components, pseudoviscous flow and elastic 
flow. The rate of elastic flow decreases Inversely In proportion 
to the time the stress is applied and hence is of small importance 
in geological applications over long periods. The pseudoviscous 
flow, on the other hand, is constant under a constant stress 
difference. 
Biot (1 961) dealt with the effect of compression on a competent 
viscoelastic layer partially restrained by a viscous medium. He 
found that the rate of application of stress is an important feature 
determining the manner in which the bed deforms. The point at 
which 1atic or brittle fracture occurs depcn 	rirnarily nut on 
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the magnitude of the strain but on deformation rates. The time 
history of folding depends on initial irregularities of the layers, 
but after sufficient time the folding becomes fairly insensitive 
to the magnitude and the distribution of the Initial disturbances. 
The wavelength of the folding is thus dependent on the viscoelastic 
properties of the materials and on the compressive load. But, 
as the viscous mechanism tends to predominate In tectonic 
folding, the wavelength of the folds will, in general, not be 
sensitive to the magnitude of the tectonic stresses unless gravity 
forces become important. For a band with given properties 
wavelengths of a certain bandwidth are amplified in a manner 
completely analogous to that which arises in the theory of 
electronic filters. The wavelength of the folding is characterised 
entirely by the ratio of the viscosity cocfficientb of the layer ana of 
the mediim. FolcLilig with sharply aefinec wavelentii recjuire6  
that the viscosity of the layer be at least 100 times that of the medium. 
This may not hold for substances with strongly nonlinear properties. 
Biot pointed out that within a folding layer, the maximum stress 
occurs at the points of maximum amplitude, which are also the points 
:i .iaxiouL curvature. 	ea.tcenin uf the layer is to Ut eeeLci at 
thick b.nd of 
	 co'petent 'nd 
viscous nteriL1 irieopetent beds 
)1L 
restricted by •i. thick 
	medium after budding 
flat bed on each side of thick beds 
Fiiire 1 : Compression of layers of dffer1n vico11yw 
: 	 : 	:'n 
competent bed. 	See Renber, 1961, 126 	ru 
1:1 	 4 
points of maximum curvature. Further deformation progresses 
as though the layer were hinged at these points, producing a 
sharpening of the bend.. The extent to which this occurs depends 
on the rate of deformation, the nature of the rock, the hydrostatic 
pressure and temperature. Biot tested and confirmed his 
predictions by folding a layer of tar in a medium of corn syrup 
(Biot, Ode and Roever, 1961). 
Ramberg (1963 a) also believes that for slow creep under 
relatively small differential stress rocks may as a first approximation 
1e tratd 	very viscous fluid.. Under such condition, It Is possible 
V 	iy Li. 	 k1ui. ynamics to the evolution of strain. His 
t 	ÀU t. tian I Ci)12 V/iiAC1 atiiie tie LOUiLUry 
onijtjun. oi a IairticiAzir ::ode1. 	\hen tLi i. iound tor a 
ituation, the situation is completely known from a fluid dynamic 
olxit of view because the velocities, the rate of change of strain, the 
t ess variations and the variations in pressure throughout the system 
1i i.oU.w oy way of the general fluid dynamic equations. 
d21.Lcr 	 'vith t11L Cuiflp rc.. icn ,) iayer.d 	twu 
dimension,, the compression being parallel to the layering, in three 
)ecial caie. 	The,e are (cee fiur 1 1 	t irinle I ier r:1': :• i; 
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a thick band of viscous material; alternations of competent beds 
and incompetent beds surrounded by a thick band of material 
s1i1ar to the incompetent beds; and the same except that the 
thickness of the medium is restricted by a flat bed on each Bide 
parallel to the layering. The restriction corresponds to a rock 
mass in which thick outer beds yielded by uniform compression and 
remained straight while the enclosed competent bed buckled within 
its limited medium. 
Ramberg assumed that the rocks behave as Newtonian substances, 
in which the viscosity does not vary with the rate of flow. He dealt 
.ith the initiation of folding only, and is therefore concerned with 
tic iiitai v1cth of the fold, which may be approximated by the 
	
tur u1c. Tile r 	riew av1eigth I layer- 
:atio ie:cnioll te 	dtio.i t 	vi c )lt1L 	the layer and 
ii t the surrounding medium. If the medium is restricted, this 
reduces the wavelength I thickness ratio. Ramberg (1961) had already 
considered "contact strain", the strain which is superimposed on the 
unilornl conresive strain of the medium by the movement of a corn- 
Lei (;.ee Iiue L). 	 . 	LCLIIt ti;Lt at 	citaaìc 	i 
\VVj 	tl 	 t 	Tiet lIt bc, te 	.)Itact :t.:rii 1 AAI1;UIe. 
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Applying considerations of contact strain to a multilayer of 
alternating competent and incompetent beds, it Is apparent that 
if individual layers are separated by Incompetent medium more 
than two wavelengths thick, then each layer buckles independently 
as if surrounded by an infinite medium. At decreasing spacing, 
the interference will Increase in significance the layer, should 
show increasing tendency to buckle in phase with one another, and 
that part of the buckling resistance which is caused by the contact 
::train in the incompetent set of layers should diminish. As a 
con .ueice, a aulltilay3r should bucde iore ane tin 	uffer 
r 	 -. 	 ni.it.rn:. Cort i - 4- 	iOn, tjau a .1i1L i'j -i witi 
Vi L' 	it' ')ti). 
Up to a certain strain, a layer deforms by uniform compression 
until the buckling force becomes adequate for buckling to begin. The 
ai,her the viscosity ratio is, the sooner the bed begin, to buckle. 
i: .Jirg might begin in a competent bed in a limited medium 
tricted by a fiat bed on either ide. Thi i the retricted c,e 
aicutioneci above, it ib po ~-- ible that tue thick-  outer becic would latcr 
;Lrt to buckle themselves, (see figure 1). In this way, drag folds 
would be produced (Ramberg, 1963 b). 
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The nature of the contact strain is of some interest. It is 
illustrated for a single layer In figure 1, for a rnultilayer In figure 
4 and for a restricted medium in figure U of Ramberg 1963 a. As 
well as the vertical movement imposed on the medium by the buckling 
bed, there is a lateral or rotational component. This tends to move 
material away from the parts of the medium adjacent to convex portions 
of the buckling bed, that is from below synforme or above autiforms, 
(see figure 2). In the multilayer, this results in the incompetent 
I ..!; ilaviI16 a r)tationdi co1n1ioncrt in the op)oite air. Ltion to tn 
rotation o. tn co 	etert bed. 
Ramberg has verified his theories experimentally by compressing 
models of layered rubber. However. McBirney and Best (1961) 
ueezed alternating layers of soft viscous wax and asphalt In stress 
:ielc of various orieritations and concluded that while Rarnberg's 
- 	 r 	it c t.. Cii't.ct 	r 	an1tude, it was 
1 	:LtJ Oi t.t t. i:.Lc. ti 	• 	 'ci 
	
a. Liei n:r cun:cntri, and 	tica ily codc1 nut ije  c1i 
as strictly flexural or shear folds because they appeared to contain 
elements of both. 




2j oiirr 3 
? ,Dlding of 1yer which 
ob11iue to the 




'yer In restricted medium 
folded during buckling 
n thj..c beds. 	Conroare 
Ith 
 
figure 1, pace 6. 
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layered material due to stress parallel to the layering and is mainly 
concerned with the Initiation of folding. Flinn (1962) made a 
theoretical analysis of the effects of three-dimensional finite 
homogeneous strain. No folds can be generated in this way, 
because straight lines must remain straight. But as soon as 
buckling is present it will be acted on by the homogeneous strain 
and further folding will be a mixture of similar folding due to 
homogeneous strain and concentric folding due to the buckling. 
Upright folds develop in layers originally trending parallel to the 
shortening direction, and overturned folds develop In layers 
originally inclined to the shortening direction. In the absence of 
evidence to the contrary, he thinks that overturning is best considered 
as a ign of original asymmetrical orientation of layering to the strain 
axes, rather than of rotation of stress-axes during deformation. 
The formation of similar folds by finite homogeneous strain, 
1 rea.fci: aZ. an attractive alternative to cuirerit nypotheses Involving 
iarin, jaralhA to t:ic axial plane, altnui it i nece ary to appeal 
to on-- 1 1anar laycrin, co'- - npetcncy ciffereac b:tween the layers, or 
changes in homogeneous strain from place to place, In order to generate 
the folding. Fun feels that if similar folds can thus develop without 
shearing, this supports a conclusion that folds and cleavage may be two 
:irnultaneou but mutually independent responses of the same rock to 
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the same stresses; neither is the cause of the other. 
Neither fold-axes nor axial planes bear any special relation 
to the axes of the deformation ellipsoid. Flinn therefor, considers 
that fold-axes and axial planes are useless as indicators of 
movement-directions or directions of flow in rocks. To use them is 
to assume that at the start of deformation the layering had a special 
orientation relative to the future pattern of flow, which is thereby 
fixed In direction quite arbitrarily. 
Flinn states that if fold-axes and axial planes have no special 
orientation relative to the chief strain axes, it is to be expected that 
when fold syteins ark-. ubjected to a later deformation the resultant 
.tructure will be very co ilicat.r! - more complicated, in fact, than 
ny described field example. There is, he maiTitains, a tendency to 
Amplify data when collecting them. Lineations are expected to be 
Parallel to one another and to fold-axes and contemporaneously 
iormed I old are e:pected to have parallel axial planes. 	Where 
there expectations are not realired, and epecia1ly where linatioi 
are observed to intersect, the tructurem cart be arranged in a tinc 
sries in buch a way that the expectations a .;.-.pear to be reali.cd. 
1:1 	 10 
The fact that the structure of repeatedly deformed areas 
appears to be simpler than might be expected from his theories 
may be explained, according to Flinn, as signifying that the rocks 
were more lnhemogeneous than he assumed, and that the layering 
was more symmetrically oriented with respect to the deformation 
ellipsoid. Once layers are folded, they are sufficiently strengthened 
to resist cross-folding on the same scale. Inhomogeniety also tends 
to simplify structure by rotating the stress-axes. and hence the 
deformation ellipsoid, into a more symmetrical position relative to 
the layering and other structures already present. 
Flinn does not present any method of dealing with concentric 
folding. Instead, he assumes that the competency differences 
between the layers, while being sufficient to allow the generation 
of new folds, are Insufficient to modify those folds during their 
subsequent development. While the assumptions made by Ramberg 
may never be .tisfied in an actual folded rock, those made by Flinn 
seem impossible to satisfy. Their ideas can, however, be extended 
to situations which might arise in practice. 
1 : 2 Comments on p revious work on fold development 
Dc Sitter (1956) believes that there exist only three fundamental 
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modes of folding: concentric folding, cleavage and flow. 
Concentric folding means that all Internal movement is parallel to 
the bedding-plane. The thickness of any concentrically folding bed 
remains unchanged. Cleavage folding is a process by which all 
internal movement is along shear planes which do not change their 
position during the process of folding. Normally they are 
perpendicular to the deforniative stress and therefore sub-vertical. 
Flow is a kind of distortion in which a fixed orientation of the shear-
planes to a stress -direction is lost. 
.itter ' s ls 	i.Cictti 	stt. , _- to conflict witt the nani:, 
'osec by Biot an o E.amber. Alt .ouh Jlirm has kiowr tziat 
similar folds could be accentuated by finite homogeneous strain 
tie has not explained how they would originally develop. As 
nentioned on page 7 , McBirney and Best found that the folds 
thy produced experimentally could not be classified either as 
.car or ai flexival IAri.. 	Naturally occuriin, bids alEo Lio not 
a,. ear to be trictly concentric or strictly similar (Raiisay 19). 
erhaps therefore, de Sitter's classification is mlsleadin. 
The buckling of a competent bed might produce a fold which 
resembled a concentric one, but it would have important differences. 
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Internal movement would not all be parallel to the bedding planes, 
the thickness of beds would tend to increase near the crest, and 
the fold is unlikely to be semi-circular in cross-section. The 
folds produced by contact strain might resemble cleavage folds 
but as well as movement parallel to the cleavage, there is rotational 
movement. Thicknesses of beds measured parallel to the axial plane 
would not be constant, and the folds would the out away from the 
competent bed. Ramsay (1962) made measurements of bed thickness 
variation over a fold. The variation that be found would agree with 
the above predictions. He explained the variation however in terms 
of concentric buckling followed later by uniform flattening. Such a 
niecKvii.m appears to require a change in the viscosity contrast 
between the bed and its surroundings at some stage in the folding 
process, and it is not easy to see how this could arise. 
Another conclusion of de Sitter can be e:aznined in the 1ikit of 
the above work. Namely that microstructures may be exact replicas 
of major structures. This he explains by the fact that the shape is 
independent of the size. Because the microfolds were produced under 
.me cfi4g pressure as the major folds, the material had the 
iistate of ductility and therefore the same relation between strength 
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and viscosity, and between tensile and compressive strength;  
and therefore the same shape. Dc Sitter's conclusion is true only 
under certain conditions. The conditions are that the large and small 
fold should have formed under the same stress system; 'bhat the 
viscosity ratio between bed and medium should be the same; that the 
ratio of bed thickness to thickness of the medium should be the same; 
that the boundary conditions, which would Include the effect of nearby 
beds, should be the same except for the scale difference. It is not 
surprising if minor folds do not have the same shape as larger folds 
in the same area, for this may merely be the result of the arrangement 
01 coruetent layers L.';irI different on diIfe :eat calc . 	Th effect 
hravity, 	accorGin; to Biot (19b1) ten'; to encoura,.. the ct, vi1oc 
merit oi small rather than large folds, may cause folds of different 
sizes to have different wavelength to amplitude ratios, even if the other 
conditions are fulfilled. 
i.xtenwu oz jevios worL on Xoici deveicnent 
rho restrictioi wich Blot and. 	irbor 	:1a!'c on the systems 
tLat ty consider di cldoni be fUhuIle 	actaal 13C.. 	1 1 
t.ic .Iayerin6 	not uc jarallel to the '2)n.pre•. lye trc 
the material of which the layers are composed may not be isotrooic. 
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Third, the properties of a layer may vary along its length. The 
effects of these possibilities are conidered in turn. 
If the layer is oblique to the stress field, folds may form which, 
as Flinn pointed out (see page 8)  are overturned. Presumably they 
are also asymmetrical with limbs of different length. An interesting 
situation arises when buckling occurs In a competent bed in a medium 
restricted by a thick flat bed on either aid., the thick outer beds 
deforning by uniforni coxapres sive Arain. A folding continues 
t 	uter beds may aio buci'de. This i6 thought by Ramberg (see 
6) to be a mechanism by which drag folds are produced. 
However, if the layers are oblique tc the stress system, overturned 
folds could form In the central competent band, and these would 
)resumably be refolded when the thick outer beds later began to 
cie and to ior a la: 	overturned Loic (see figure 4). The 
re.re of the 	ii 	fol.; woiid show tAiat tLey QIG not Qjjnat. 
at 	. :ame tirac u ti€ L 	L fold but inuit nave be gun to ±ori 
before the larger fold developed. 
ie posibiiity tuet the layers are not isotropic suggests a cause 
ui. variation in foxuaape. The presence of bedding and of cleavage 
i 	 to cite 1L .irect.ona1 ropertic.. in tre 	ic. 	in iarticular, 
Flow parallel to beidin 
.gre 5 : Rock may flow most readily parallel to 
surfaoes of discontinuity, such as bedding or cleavage. 
This may affect the fciJ shve. 
I 	- 	 - 	 "-I 
4- 
Figure 6 : A bed with lateral variation ray of 
most whore it is weakest. 
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they make it easier for the rock to flow in one direction than In 
another. Presumably there is least resistance to differential 
movement when it is parallel to either the bedding or the cleavage. 
Because of bedding slip, folds might develop a more nearly 
concentric form than they otherwise would, (see figure 5). 
The presence of cleavage might have a more noticeable effect 
on fold shape. The Initial deformation of a layer is assumed by 
BLot and Ramberg to have the form of a sine curve. Biot suggested 
(see page 4) that competent layers may subsequently deform as 
though the layer were hinged at the points of maximum curvature. 
This would not be true If there were considerable rotational 
movement In the medium, for this would tend to move material into 
the fold cores adjacent to concave parts of the competent bed. The 
fold in the competent bed because of the excess pressure In the core, 
might develop a rounded crest. If, however, there is strong cleavage normal 
to the compressive stress, and movement is easier parallel to the cleavage 
than normal to it, the rotational movement In the medium will be 
inhibited, while movement away from the competent bed will be 
encouraged. The rotational component is the reason for contact strain 
decreasing away from th e  competent bed. Therefore, where there is 
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strong cleavage, the contact strain may extend farther into the 
medium than Ramberg predicted, (see figure 5). 
The presence of cleavage may encourage the competent bed 
to fold with sharp crests and straight limb., hinging at the crests 
as BLot suggested. The reduction of the Lateral component of 
contact strain prevents uneven strain in the competent bed bel*g 
spread evenly throughout the medium, and, unless there is much 
slippage at the contact, means that if the strain in the medium is 
to be evenly distributed, the strain In the competent bed must also 
be uniform. This requires that the amount of rotation of the beds 
be fairly constant; for compressive strain is the change In length 
measured in the direction of naximum compressive stress. The 
limb, of the fold, should therefore be straight and the fold crests 
sharp. In this way the shape of folds may be related to the strength, 
direction, and time of formation of the associated cleavage. 
The properties of a competent bed are not usually constant, 
but instead may show Lateral variation. Since material subjected 
to stress is likely to deform most at its weakest point, a competent 
layer Is likely to deform most where it is tMi inest or least 
competent, (se. figure 6). if folding is localised because of this, 
P -. •- 
jtre 7 : InLen-ii 1oc,1 bc:1jj 




Fiur. 7 	Lt,r::i moveient 	i '. eoriiqence f 
17, 	 lateral variation in the strength of the strata 
1:3 	 17 
moderate regional strain may result in intense local folding, (see 
figure 7). It seems possible that folding In response to stress in the 
intermediate stress direction should be more intense locally than 
folding In response to the maximum stress. The scale of 
localisation of folding will depend on the distances over which the 
strength of the rock varies, and this could range from the distance 
between minute irregularities In a siltstone bed to the distance between 
different fades of an entire formation. 
If the greatest strain in a layer is in a weak sane, then the 
layer will tend to move, relative to adjacent layers, towards that 
zone (see figure 8). This relative lateral movement will create a 
a train xi the adjacent beds. 	ince strain is most likely to 
wiere there is lcat resistance to it the shear strain is 
lily to be greatct in the least competent beds. If early cleavage 
or bid axial planes are present, these may reflect the variation in 
the amount of shear strain in different layers by varying in inclination 
from bed to bed. The lateral movement, being limited In extent, 
i t3 variable in amount. If it is not exactly parallel to the bedding, 
such movement may itself create folds. 
1:4 	
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1 : 4 Analysis of a group of folds into Successive generations 
During the folding of a rock mass, the temperature, pressure, 
chemical condition and stress system all change. Because of this, 
the relative viscosities of rock layers change, and the type of 
folding changes. Folds can be correlated by their axial plane 
attitude their shape, their tightness, the presence or absence of 
cleavage and other metamorphic features, and the relationship of 
folds to other folds and their metamorphic association,, it has 
been implied in many papers that folds correlated in this way originated 
at about the same time. 
Fold correlation might have little time significance in an area 
where the folds developed by the mechanisms described above. It 
was suggested for instance, that folds develop first In layers which 
have a high viscosity contrast to their surroundings, (page 6), and that 
within a layer, folds develop first In the weakest part, (page i. In 
those circumstance,, folds formed at the same time may differ In 
size, tightness and shape. Variation In the attitude of structural 
feature, at different points may be due to deviations from the 
regional stress system caused by lateral movement, as illustrated in 





The explanation of refolding on page 14 Implies that refolding 
might develop at a pace determined by local factors, such as 
lithology, rather than regional factors, such as the overall stress 
system. The amount and nature of refolding might be controlled 
by the stratigraphy, rather than the tectonic conditions. 
1 : 5 Conclusions on fold development 
Where folding is Interpreted as the effect of compressive 
stress on layered sedimentary rock, it is reasonable to seek an 
explanation of the characteristics of the folds in terms of the 
stratigraphy of the rock. Features of interest In the folds are: 
their geometrical arrangement, their sise, shape, tightness, and 
riat1onship to onc another and to other trctura1 features such 
cleavage. Thee £'irc may be r1atcd to the .hape, size 
and arrangement of the litbological units of the rock mass, and to their 
orientation in the stress field. 
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Section 2. 	DESCRIPTION AND INTERPRETATION 
OF THE STRUCTURE 
OF THE AREA 
2: 1 Previous work on the structure of the area 
The early work in the area is summarised by Read (1923). 
Inversion of the stratigraphic sequence to the south and east of 
the area Indicated to Read (1955) that the rocks of the subject area 
are on the upper limb of a large recumbent anticline. He invokes 
a plane of dislocation, the Boyne lag, to explain stratigraphic 
discontinuities at the base of the Upper Dalradian, The Buchan 
anticline, which reaches the coast near Fraeerburgh, "Is a structure 
Imposed on the great recumbent fold of the Banff napp&' (Read and 
Farquhar, 1956). As the core of the Buchan anticline rose, the 
Fraaerburgh beds on the west limb slid down a tectonic slope into 
the Turriff syncline. Minor folds formed with broad, gentle, synclinal 
portions and narrow, steeply overturned, anticlinal portions. 
Sutton and Watson (1956) studied the Boyndie synclin., the 
core of which lies to the west of Banff. They found that the cleavage 
and minor folds do not always have the pattern that might be expected 
from their position on larger folds. The structural pattern indicates 
that overlying rocks moved, relative to those below, towards the 
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trough of the Turriff syncline which reaches the coast west of 
Gardenstown. The crumpling In the eastern limb of the Boyndie 
syncline they attributed to the squeezing out of incompetent beds 
from the core of the major fold. They think it poasibie that the 
disposition of rocks In Banffshire could be accounted for solely by 
folding about north-north -easterly axes and differential movement 
between members of the succession during this folding. 
From evidence based on geometrical relationships, fold style, 
and direct evidence of refolding. Johnson and Stewart (1960) concluded 
that the folding in Banifehir. occurred In successive episodes. 
Johnson (1962) related the fold episodes to the metamorphism, and 
decided that at least four episodes of folding were represented in the 
area. He presumed that the large recumbent anticline described by 
Read belonged to the first episode. Members of the first two 
generations of fold, were found in the Whitehills Group. The third 
generation included the Boyndie syncline, probably the Buchan 
anticline, min  folds and strong cleavage near Banff and Macduff. 
Fold. at Fraserburgh and Rosehearty were provisionally placed In 
the fourth generation. Folds of each generation were not 
uniformly distributed through the area. 
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2 : 2 Comments on previous work in the area 
The structure of the area has been described by the authors 
mentioned in section 2 : I. Their descriptions are extended here. 
The suggestion is made that the shape, size, style and attitude of 
folds and the variation In these features can be related to the 
lithology and arrangement of the folded beds. No criteria were 
recognised which would enable folds of a particular age to be 
correlated throughout the area. This interpretation therefore 
differs from that of Johnson, although it should be pointed out 
that metamorphism was not considered in this thesis. 
Read, and 6uttun and V61 at3on, each dealt with only part of 
tac coatal .cction. There are difuicu1t!€ in extcndiii, their 
tiieurie:: 
 
to includc this entire csoure c'.' 'Lj,j.-.> er Lairaciian. 	c,. 
anu . illustrate the difficulty of extending Read's theory 
of gravity sliding. Between Pennan and Stocked Head it would be 
aecessary to suppose that the Rosehearty beds slid up the tectonic 
iJ : Je, in order to explain the vergence of the folds. Gravity sliding 
oier no obvious ex.1anation of ti,-  abrupt cinin;e in vercuce direction 
at tocccu iieao. 	:,tton and \V aton 	cted that tii L1d: near 
;anff nay have been formed by beds being s'ueezed out of the core 
fold , ) 	1 ie 	
Ltre fo 
by 	 Sall c 
'. to ediiin folds, 	axial p1 	ub— parY 
 
of axial plane 	 occaioria1 refolding o 
varioble, some refolding 	small tight folds 
Thort 	nr:' it lines 1ndicte dip of 
axial planes of smll snd large 'rold 
Figure iumnary cross—seCti0. 	See 
also sections in bsck pockot. 
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of the Boyndie syncline. The same type of foldiag, however, appears 
to continue as far east as Stocked Head, far beyond the core of the 
Boyndte syncline. 
2 : 3 Descriptive outline of the structure 
Summary of etratigraphical - structural relationships, table 1. 
WEST 	 EAST 
Area 
Stocked Head to Boyndie Bay 	Stocked Head to Rosehearty 
Strata 
Macduff and Boynd.te Bay Groups Macduff Group. Upper part 
of Rosehearty Group. 
Fold Attitude 
Axial planes nearly vertical 	Axial planes dip east at 
or with steep westward dip. about 00  to 500 . 
LITHOLOGY 	 FOLDS 
(a) 
Units of pebble conglomerate 
about 100 feet thick. Occur 
between unite (b). 
Fairly open folds a few hundred 
yards across. 
 
Units of siltetone and shale, 100.. Parasitic folds a few feet 
to 1000 feet thick. Beds of sand 	across In cores of fold.(a). Style 
stone up to a few feet thick, 	and attitude resembles that of host fold. 
 
Lenses up to fifty feet thick 	Isoclinal folds a few inches across, 
of siltstone and shale with Axes and axial planes irregular. 
indistinct bedding. some lenses 	Apparently refolded by above folds 
have scattered pebbles. Occur (a) and (b). 









Boyndi. Bay to Whitchills 	Rosehearty to Fra.erburgh 
Strata 
Upper part of Whitehille Group Lower part of Rosehearty Group 
Fold attitude 
Axial planes dip west 	 Axial planes dip east at 





About 2000 feet of closely spaced Open, asymmetrical fold., 
unite of pebble conglomerate, 	up to several miles across. 
 
Unit of pebble con,1oi'ne rate 	Fairly open, asymmetrical 
about 100 feet thick1 	 fold., a few hundred yards 
comprising (a). 	 across. Some axial planes 
are curved. Many folds tightest 
where dip of axial plane is smallest. 
 
Units of siltatone and shale up to Most folds fairly tight, up to a few 
50 feet thick, with beds of sand... feet across. Refolded by folds (a) 
stone up to a few feet thick, 	occasionally by folds (b). 
These separate units (b). 
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Summary of .tratigrapb.lcal - structural relationships, table 3. 
WEST 
Whitehilla to Boyne Bay 
Lower part of WhitehiU 
Group 
Dips of axial planes vary. 





Kinnaird's Head Group 
Fold attitude 
Dips of axial planes vary. 
Many dip east at 00 to 300 
LITHOLOGY 	 FOLDS 
 
Apparently due to influence of 
overlying conglomerate units. 
Fairly open folds, a few 
hundred yards across. 
 
Units of calcareous siltatone 
up to fifty feet thick, slightly 
more silty th un intervening 
Units. 
Fairly open folds up to 
a hundred yards across. 
 
Units of calcareous silttone 
with beds of fins sandstone and 
coarse siltatone. Occur 
within units (b). 
Tight folds a few feet across, 
with various orientations, 
some refolded by folds (a) 
and (b). 
Boyne Limestone, near Boyne Bay 
Units of limestone with 
different amounts of siltatone, and 
any thin silts- tone bed-. 
Complex folding. Tight folds up 
to a few feet across, refolded by 
1ai'er fcic. 
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2 : 3 Descriptive outline of the structure 
The Upper Dalrarlian is exposed across a large open syncline 
and is intensely folded on a small  scale. The centre of the 
large syncline would be near Stocked Head, but because of minor 
crumpling at the level of exposure, the youngest rocks are exposed 
some distance away on either side, perhaps north of Gardenstown 
(Turriff syncline) and near Boyndie Bay (Boyndie syncline). Axial 
planes of most minor folds dip away from Stocked Head to the 
northwest and the southeast, dipping steeply in the area between 
Boyndie Bay and Stocked Head, less steeply elsewhere. The 
overturned limbs of the folds are usually much shorter than the 
upper limbs, vergence thus Indicating movement of higher beds 
toward. .;tQced Head. The strike of bedding, fold axial planes 
and fold axes trends aoout north-north..east. The structure of the 
area lb illustrated in cro:_,ections I and 2, and in figure 9. The 
relationship of structure and stratigraphy is uinrnarised in the 
tables on pages 23to 25. 
Limestone outcrops at both margins of the area. It is 
overlain by calcareous flagstone.. These are overlain in turn 
by metamorphosed siltatone and shale, Interbedded with many band. 
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of pebble conglomerate often about ahundred feet thick. The 
way-up or facing direction of the bedding has been determined 
from sedimentary structures at every accessible pebble 
conglomerate band and at many points between them. It remains 
in doubt in small areas of irregular folding, principally within 
the limestone units at Fraeerburgb and Boyne Bay and In the limy 
flagstones within one mile of the western margin of the area. 
The way-up directions can all be accounted for by the visible 
folds. 
2 : 4 The influence of lithology on structure 
Fold size: The size of the folds In the Upper Dairadian is 
generally related to the thickness of the competent beds involved, 
(see crosssection. 1, 2 and 3). A fold west of Boyndte Bay 
which is over a mile across appears to be folding about 2000 
feet of conglomerate as a unit. The conglomerate band, near 
Macduff, which are about 120 feet thick., form fold, a few hundred 
yards from crest to crest. Sandstone beds about ten feet thick 
near Whitehill. and In the cores of folds elsewhere form folds 
about ten yards across. The thin-bedded limestone, of Boyne Bay 
and Fraserburgh have many folds less than a foot across, and even. 
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where many beds fold as a unit the fold width is seldom more than 
thirty yards. Thin ailtstone beds throughout the area are folded 
with crests a fraction of an inch apart. 
According to Ramberg (see page 5) the ratio of the initial 
fold wavelength to the thickness of the buckling competent bed 
should depend on the ratio of the viscosities of the competent bed 
and the surrounding medium. This is difficult to verify in the 
Dairadian, because a fold can seldom be related to one bed alone, 
but only to the interaction of many buckling beds. Also, the 
original wavelength of the folding is unknown, and the length of 
arc of the mature fold may be a poor approximation. The ratio 
of competent bed thickness to length of arc in the folds mentioned 
in the previous paragraph is about one to six. These, however, 
r r..ultilayer., and a different ratio might be found for single 
beu ;. ..iltstone bed.., which are folded a.i a ingle layer in a medium 
of limebtone, half a mile viet of Stake Ne, also appear to show 
a one to six ratio. Ga the other hand, where there i, lesi 
difference in the viscosities of bed and medium, for instance in 
a silty shale bed in a shale medium on the shore east of the River 
Deveron, the ratio is about one to three. This method gives hope 
of eventually being able to determine viscosity ratio. Many 
.L..1. . 
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measurements would be needed and it might be necessary to 
determine fold site from strike and dip readings, a problem con-
sidered In section 3 : S. 
Fold shape and cleavage 
The folds of the area generally have rather angular crests and 
gently curved limbs. Folded competent beds of sandstone or 
conglomerate have more rounded crests, some of which are cut by 
fault, nearly parallel to the axial plane. 
Cleavage is seldom seen in the beds of sandstone or conglomerate 
but is usually present In the finer grained rocks. It generally lies 
in the axial plane, of the fold, and fans out on each aide of the axial 
dane. This fanning is very slight in the shale beds, but is much 
:trur in 1iTrAebtone. The intimate relat1onsi) of cleavage and 
1::TI to 1-1e out tne o.:.ibility tt 	ac s:1cavcge formed 
LJ L luli wa. eiIute. ie c1eava.e i uwd1y trunger near 
Cie fold core than on the fold limbs, perhaps owing to compressive 
tress being greater there (see page 7). This would favour the 
icea that cleavage and folding developed at least partly at the same 
tim, bince 1oca1iation of thc compression implies that folding had 
b 	 . 	e ,:ult o Incal 
• • 	
• ii 
Figure 11 : Complex conjate pttrn of fldin. 	Clcr.mi 1ltta 
and very fir10-grdned sAndatona. 	West of stake Ness in Whitehills Or 
r 
- 	 i, 	
i 	 - 
-i 
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deviations in the stress field due to the presence of a buckling bed. 
The fact that fanning of cleavage is more marked In limestone than 
In shale could be due to its forming at a later stage of folding in the 
limestone, when deviations In the stress field were more pronounced. 
The shape of the folds In shale beds in less variable than that 
of the folds in limestone. Perhaps this is because movement is 
easier parallel to cleavage planes, and the direction of cleavage 
planes is less variable In shale than in limestone. Conjugate folding was 
not seen in shale but is not uncommon in limy beds, particularly at 
Fraserburgh and half a mile west of Stake Ness. West of Stake Ness, 
as shown in figure 11, an anticline with steeply dipping axial plane 
more or less parallel to the axial planes of the other nearby folds, 
asses upwards into two antidlines with gently dipping axial planes 
on cunjugate pattern. One of the axial planes o f the conjugate 
.air :.lits in turn into two more anticline, each with an even nre 
b ently dipping axial 'lane on a conjugate pattern. The intersection 
of weak axial plane cleavage with the bedding gives rise to a lineation. 
Since the line of junction of conjugate pairs of axial planes is not 
parallel to the bedding but is nearly horizontal, lineations related to 




this reason, the lineations in this area have various orientation., 
although many of the lineations presumably formed at the same 
time at different parts of the same complex fold, (see figure 12). 
Similarly, at Fraeerburgh some of the variation in lineation direction 
can be traced to a conjugate pattern in the folding. The conjugate 
folds there are near the harbour. Their fold axes are about 
parallel to those of the cthr folds nearby, but they seem to have 
formed under a nearly horizontal compression whereas the nearby 
folds have axial planes dipping east. This could be due to their 
developing at a late stage of the folding (see section 2 : 6). 
Cleavage-bedding intersections are the most abundant 
lineation in the central part of the area. Unlike the fold axes, 
hich have a gently undulating plunge, the lineation plunges steeply 
i' 'laces on the fold limbs, (see cross-section 3). It appears that 
avr 61i,,JA1y coic:.l in thi area, and that tLe c1eava 7.e 
about 'arallel to ti - e bid axial ;:jjj 	(VLi on t€ fold 
limbs. The reasons for the folds being conical may be that the 
amplitude vane, along the fold axis perhaps because of the rapid 
variation in the characteristics of the beds in that direction, 
(see strat section 2 ). 
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2 : 5 The influence that position within a larger 
fold has on structural features 
As can be seen in cross-sections 1, 2 and 3, minor folds 
are common In the cores of larger folds. Cleavage is usually 
strongest in the fold cores. This is In accord with the ideas of 
Ramberg (1961) who showed that zones adjacent to concave parts 
of a buckling bed are likely to undergo unusually great compression. 
Adjacent to the convex aide of a competent bed, on the other hand, 
tension may develop (see page 7). This would explain boudinage 
which is seen in a ailtatone bed across the trough of a syncline on 
the east side of a bay east of Tarlair pool. Boudinage is occasionally 
seen in steeply dipping competent beds on the flanks of folds, for 
instance one mile west of Stocked Head, where the angle between 
cuing and cleavage is only a few degrees. De Sitter (1958) has 
3 Own that there may 	tension along a bedding plane if the angle 
between it and the cleavage i6 less than 45 degrees. 
Lxamination of cross-sections 1 and 2 suggests that position 
within a larger fold may influence the distribution of structures on 
a large scale. For Instance there seems to be more deformation 
near J3oyndie Bay in the core of the Boyndie syncline than there is on 
the flanks. 
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2 : 6 Structural history and the distribution of folds 
Section 2 of this thesis is largely an attempt to account for the 
distribution in space and the sequence of formation of the structural 
features of the area. Many structural features have already been 
related to lithology or to position In a larger fold. The distribution 
of some other structural features will now be considered. 
The occurrence of small-scale refolding from Boyne Bay 
to Boyndte Bay and at Irranerburgh, and its comparative 
rarity in the central part of the area. 
The change of attitude of axial planes and cleavage from 
bed to bed In the Whitehills and Rosehearty areas, whereas 
near Macduff their attitude is almost constant. 
The presence between Boyndie Bay and Gardenstown of 
tight folding which is confined to a number of narrow bands 
affecting only parts of shale units, and whichis quit, unlike 
the other folding nearby. 
4) The abrupt change of vergence direction at Stocked Head. 
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The occasional folds with nearly vertical axial planes 
which occur among the overturned folds in the east 
and west of the area. 
The relationships of the sequences of folding In 
different areas. 
1) Refolding is particularly well displayed in the Boyne 
Limestone, for example on the promontory east of the mouth of 
the Boyne Burn. It appears that the main viscosity co ntra st 
taere was between beds of silty limestone a few Inches thick 
tkir urroundin;s of purer limestone. But there was also 
.1. 	 rintien in the vicouity. Ten or twenty feet 
of •L.Lt 	.1:1etcne rn4y O. i11 wec 	a. similar thic 	. 
n'e ii,.tcine. 	Lac vicu ity ratic betvrer. tin ten-t 
units was probably less than that between single beds and their 
urroundIngs, for small folds were the first to develop, (see 
page 6). Larger folds, affecting the ten-foot units, later formed 
lieci tine nali ieJ.e,:. There i nay still have been an 
lu 1.Lat u uniform cunru*iv€- .train whii. 	L m 
1, C! tme vi c 	 L on a 	cd weuld 




to form, and, since the beds had been moved from their original 
position, refolded the earlier small folds. The later folds have 
axial planes dipping west and vergence Indicates eastward movement 
of higher beds. It appears that the early folds had the same 
asymmetry and vergence directions as the later ones, but 
refolded beds here generally lack way-up criteria. 
The plunge of the fold axes In the Boyne Limestone varies 
along their length and in places is steep and even vertical, (see 
cross-section 1). The variation in plunge may be a consequence 
of refolding. Gentle undulations in early fold axes might be 
greatly intensified during refolding; while the lnhomogeniety of 
tie already folded rock would explain the variation in direction of 
t.Ae later fold axes. Where the refolding relationships can be seen, 
te earlier folds appear generally to be tighter than the later ease. 
This would be expected since folds are likely to have developed first 
with ai 	 ty coxLiat tc 	 .; 	 and these 
ie tiht. t fol., 	• 	 6). 	I 
v. iut rcoidin, a 	entioned below, tiie :lire t fold axe CI-Ac t 
ti,hthess of folds Is much more constant. 




Boyne Bay, but Is abundant only in fairly pure limestone. This 
kind of refolding also occurs In tightly folded, thinly bedded 
limestone north of the lighthouse at Fraserburgh. There, the 
asymmetry and vergence direction of the later folds, as well as 
of the early folds, seems to indicate westward movement of 
the higher beds. 
This is In the opposite direction to the movement at Boyne 
Bay, and most of the folds at Frss.rburgh have axial planes dipping 
gently east. Refolding is less common at Fraserburgh than at 
Boyne Bay, and the plunge of fold axes is less variable. At 
Fraserburgh, the rhythm of ten-foot units of silty limestone and 
purer limestone seen at Boyne Bay is apparently absent, and so 
are the corresponding folds. A much larger fold which refolds 
the folds in the limestone can be seen northwest of Fraserburgh 
lighthouse. It involves a thick band of pebble conglomerate 
which overlies the limestone. Occasional examples of refolding 
on a small scale are seen in siltatone beds west of Fraserburgh for 
about six miles. Again, vergence directions are apparently alike 




Refolding caused by a large fold at Knock Head, east of 
Whitehiils, was described by Johnson (1962). The fold affects 
about 2000 feet of conglomerate Interbedded with siltetone and 
shale (see cross-section 1). Small folds and axial plane 
cleavage are found in the shale but not in the conglomerate. 
The angle that these features make with the conglomerate bedding 
is more or less constant around the big fold. On the horizontal 
limb of the big fold, the email folds have axial planes dipping west 
at about thirty degrees. Their attitude is sirn!lar to that of the 
larger fold as estimated from cross-section 1. Vergence of large 
and small folds indicates eastward movement of higher beds. 
The examples of refolding mentioned so far can be explained 
by the mechanism described on page 1. The bedding was 
presumably oblique to the stress system, since the folds are 
asymmetrical (page 4. The early folds appear to have developed 
In beds with an unusually high viscosity contrast to their surroundings, 
and the later folds could have formed when beds with less of a viscosity 
contrast began in turn to fold. In the area from Boyndie Bay to 
Stocked Head, the folds are nearly symmetrical, suggesting that the 
bedding was almost parallel to the direction of maximum compression. 
4 
0 	 :ri1 Ines 
varies from bed to beck. 	Calcareous silttone of the 
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In these circumstances, parasitic folds may form, as suggested 
by Ramberg (1963 b), and not refolded folds. It is also probable 
that there was lees of a range of viscosity ratios here. 
2) A different kind of refolding which requires a different 
explanation occurs frequently between Boyne Bay and Whitehille 
and between Stocked Head and Fraserburgh. It can be seen most 
clearly where folds can be followed along their axial planes for 
some distance, for instance, south of Rosehearty rubbish dump or 
below the small rubbish tip west of Whitehills. The axial plane is 
usually steep where a thick competent unit is folded, but when the 
axial plane is traced Into the adjoining Incompetent beds, the dip 
Is found to curve around to a much lower angle. The fold often 
appears to be tighter where the dip of the axial plane is less. The 
dip of the axial plane cleavage associated with these folds also 
changes from bed to bed, being steeper in the more competent beds. 
Within each bed (see figure iZa) the dip of cleavage and of fold axial 
planes is comparatively constant. 
The curvature of the axial planes appears to have been caused 




The lowest dip of axial planes and the tightest folds are found In the 
least competent beds. It is in the incompetent beds that shear strain 
due to relative lateral movement is likely to have been concentrated, 
(see page 17). Maybe the folds were caused by overall compressive 
stress In a horizontal plane. Lateral movement of beds during 
folding could set up shear strain, which would cause local stress 
deviations resulting in cleavage and axial planes forming with a low 
dip. Stretching of the folds by the shear strain could result In their 
being tightest where the shear strain was greatest, namely in the 
incompetent beds. If the amount of shear strain depended on the 
competency of the bed, the angle of axial plane clip and the tightness 
of the folds would vary from bed to bed, just an it is observed to do. 
The direction of relative movement Is of higher beds toward, the 
centre of the area. The reason for the movement taking place is 
considered later, (see 4) below). 
Between Boyndie Bay and Stocked Head, most of the folding 
is fairly symmetrical, with steep axial planes and gently undulating 
fold axes. There is little indication here of lateral movement 
during folding, but as shown below, there may have been lateral 




3) In this central area the units of pebble conglomerate 
are lenticular (see cross-section 3 	1 and section on sedimentary 
petrology). Their thickness may vary from 0 to 150 feet in a 
distance of quarter of a mile along the strike, and varies more 
gradually parallel to the dip. In the siltetone and shale unite that 
separate the lenses of pebble conglomerate there are bands ten to 
fifty feet thick of tight folding which does not resemble the rest of 
the folding in the vicinity. The tightly folded bands are often only 
a few feet above or below the large lenses of pebble conglomerate. 
Cleavage, which Is the dominant foliation plane in these bands, is 
very closely spaced. Wisps of bedding are easily seen, usually 
at the crests of folds, but otherwise the bedding is barely visible. 
Fold axes vary in plunge along their length, even within a few yards, 
and in places plunge steeply. The tightly folded bands are resistant 
to erosion and form many low promontories in the central part of 
the area. 
This tight irregular folding Is particularly prevalent in beds 
of pebbly siltetone or shale in the Macduff Group, for instance near 
the Old Red Sandstone on Downie Shore (National Grid 828 666). It 
also occurs in shale which contains many caic - silicate nodules at 
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Seatown, Banff. The reason for irregular folding occurring in beds 
of this kind may be the abrupt changes of competency 'thin the bed 
from pebble to matrix or nodule to shale. The variation in competency 
might cause an irregular strain pattern to develop. Folding Is an 
expression of non-homogeneous strain, therefore these beds might 
be particularly prone to folding, while the irregular distribution of 
competent zones would naturally cause the folding to be irregular. 
The irregular folding is not restricted to bands of this 
lithology. It affects siltatone and shale which appear to be 
lithologically the same as nearby strata which have not been 
deformed in this way, for example, at Bowie Bate (743 647). 
The folded band, can often be seen to pass laterally into 
normally bedded siltstone and shale, particularly near the upper 
and lower margins of the band. The bands are generally nearly, 
but not quite, parallel to the bedding for considerable distances, 
(see cross-section 3 and strat section 2). 
This folding cannot readily be explained on the theories of 
Blot and Ramberg. It I. not possible to relate the folds to buckling 
competent beds, and the fold, persist for a long way along the axial 
plane, not decreasing in intensity as Ramberg'a contact strain 
:i:• 
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theory would predict. Sutton and Watson (1955) have ascribed folds 
of this type near Banff to slumping. This explanation, or sliding 
before consolidation, is a possible one for several other bands. 
However, the presence of unusually closely spaced cleavage In all 
these bands and the parallelism of the cleavage to the axial pi3liea 
of tight folds in many different positions, seems to indicate that 
some and possibly all of this folding is tectonic. It may have been 
caused by eliding during tectonic deformation. 
The competent lenses of pebble conglomerate, set in a medium 
of incompetent shale, might reactID compression initially by sliding 
past one another without Internal deformation, allowing the compressive 
strain to be taken up by the incompetent medium. The shear strain 
due to this sliding might produce folding in narrow bands, the position 
of which would be determined by the distribution of the competent 
lenses, (see strat section 2 and cross-section 3). Only a limited 
amount of compressive strain can be produced in this way, and when 
large scale folding involving a sequence of conglomerate lenses began, 
it would prevent further sliding between them. The later folding might 
be expected to refold the folds produced by shear strain, and there is 
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some evidence that this occurred. The band, of tight folding and 
the axial plan.s of the tight folds remain nearly parallel to the bedding 
at different positions on the more open folds, suggesting that they 
were refolded with the bedding, (a.e figure lZb). Direct evidence of 
an open fold refolding a tight one is occasionally seen in the Macduff 
Group, for example on the east aide of the promontory at the mouth 
of the Burn of Cullen (733 644). 
4) The direction of the relative lateral movement involved 
In the formation of the band, of tight folding between Boyndi. Bay 
and Gardenatown (see 3) above), is not clear because of the 
difficulty of tracing bedding. Vergence of early and mte fold. near 
Boyne Bay, (see 1) above), appears to indicate movement of higher 
beds towards the east. The curvature of axial planes and cleavage 
between Boyndie Bay and Boyne Bay, (see 2) above), indicates the 
same movement direction. Vergence of the almost symmetrical 
folds between Boyndie Bay and Stocked Head also suggests eastward 
movement, though of lesser amount. On the other hand, east of 
Stocked Head, relative movement of higher beds appears to have 
been in the opposite direction. Curvature of axial planes on fold. 
near Rosehearty, mentioned in 2), and early and late folds at 
d 




Fraserburgh, mentioned in 3), indicate westward movement during 
most of the period of folding. 
At a higher level than the shore exposures, therefore, strata 
have apparently been moving towards Stocked Head from both east 
and west, (see figure 14). Judging by the dip of theaxial planes, 
the amount of movement may have been greater towards the east 
and west of the area, than near the centre. In particular, the 
area between Boyndie Bay and Stocked Head shows littie effect 
of lateral movement. As shown in the cross-sections, there may 
be a syncline underlying Stocked Head. Since material appears to 
have been moving into this area from both sides it is likely that there 
is an anticline at a higher level. The resulting pattern would be similar 
to that seen in a small fold near Stake Ness, affecting thin beds of 
very fine grained sandstone and calcareous siltstone. This fold is 
sketched in figure 15. 
The suggested movement pattern could be produced by lateral 
variation in the strength of the strata at a higher level than that now 
exposed at Stocked Head. This might encourage lateral movement 
as shown In figure 6, page 14 and figure 8, page 1Z The 
Interpretation of the structure at Stocked Head i3 illustrated in figure 14. 
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A few very open folds with nearly vertical axial planes 
and weak axial plane cleavage can be seen near Rosehearty and 
near Whitehills. They fold the main cleavage in the area, and 
apparently formed late in the local structural history. Their 
attitude suggests that lateral movement had ceased by the time 
these folds developed. 
Within the area from Boyne Bay to Fraserburgh, the 
movement direction during folding appears (see 4) above) to have 
varied in different parts of the area, but to have been more or less 
constant at any one location at different times in the structural 
history. 
Different sequences of events can be recognised in different 
Places, (see tables I to 3, pages 23 to 25). In the Macduff Group 
it was suggested that slight lateral movement of the lenticular unite 
of pebble conglomerate preceded the development of large folds. In 
the thick conglomeratic sequences at the top of the WhitehillIs Group 
and the lower part of the Rosehearty Group, early lateral movement 
in the siltetone units may have produced the folds that were refolded 
when the entire sequence began to buckle. Further lateral movement 




beds; and this may have caused curvature of the axial planes of the 
folds as they developed. More buckling seems to have occurred in 
the limestone units at the extreme east and west of the area than 
elsewhere in the section. It appears to have been accompanied 
throughout by a certain amount of lateral movement, which seems 
to have affected the entire unit, rather than thin bands only, as 
happened In the conglomeratic sequences. Perhaps this is because 
there is less large scale variation in cetency in the limestone 
units. 
On the grounds that the tightest folds may have been the 
first to develop ( page 6), one might hazard a guess that folds 
in the limestone units were the first to form. But the relationships 
of the various sequences described remains somewhat obscure. 
Presumably the tightness of the larger folds, such as the Boyndie syn-
cline, varies along their axial planes. Since only one level is 
exposed on the coast there is little point in comparing their 
tightness with that of the minor folds. The large scale structure 
which was postulated at Stocked Head in 4 ) above, was presumably 
the consequence of movement of material towards that area. Since 
the movement appears to have continued throughout most of the 
folding, presumably the Stocked Head structure also developed over 




Section 3 A METHOD OF QUANTIFYING FOLD DESCRIPTION 
3 : 1 Fold description 
The topic of this section is the collection, recording, and 
more particularly, the analysis of structural data. Methods are 
described which can be used for summarising data quantitatively. 
in order that their significance may be more readily appreciated, 
and so that objective teats can be made of geological hypotheses. 
The methods are designed to be programmed for a computer, but 
a number of short artificial examples are calculated manually in 
this section, to illustrate the procedure, and provide examples for 
testing the computer program. 
The features of a fold or a group of folds for which 
quantitative measures are proposed are: 
Its position relative to other folds, expressed in 
co-ordinates which have structural significance. 
Its attitude. 
It ti 	, symmetry, shape and size. 
The measures are statistical ones in order that average values 
may be derived ford.fferent numbers of folds, and because there is 
inevitably a large amount of random variation in the data. 
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Referring to the direcdea cosines of the Ith measurement as 
(ptt q.. r) the following v lsac.-covaziance matrix can be 
calculated:  
I 	p 2 px 	'1 j 	t1 
q2 w I 
rq j 
The latent vectors of the variance -covariance , matrix 
are invariant axes of the distribution of (p. q, r). They provide 
an satirists of the attitude of the folds in space. Lack measurement 
(p. q, r) and the location at which it was measured, expressed in 
suitable co-ordinates such as a Grid reference and height above 
sea level, can now be t* asformed by multiplying by the matrix of 
olg.nvsctsrs. The transformed (pI, q 1, r') have the same meaning 
as before, but now refer to the Invariant axes, which have structural 
significance. The distribution of (p', q', r') can now be 
summarised by calculating the usual statistical moments. Clearly, 
*0 covariance terms arias. Estimates of the amount, symmetry 
and skips of the Lolaltug in the directions of appropriate axis, are 
gives by the variance, skewness and kartesi. respectively. 
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One of the invariant axes mentioned above is the mean value 
of the direction cosines of the poles to the bedding. It measures the 
thickness of strata traversed in going from one edge of the sampled 
area to the other in a direction parallel to each of the Invariant axes. 
The thickness is measured at right angles to the foliation. This is 
useful in correlating strata across the area, or if the correlation 
is already known from the stratigraphy, it can be used to investigate 
the tectonic alteration or stratigraphic variation of thickness. Another 
of the invariant axes is an estimate of the position In space of the line 
which, when moved parallel to itself, most nearly generates the 
folded surface. The third axis Is simply a line at right angles to the 
other two. 
The surface which is investigated may be shaped more like a 
cone than a cylinder. It is of some interest to be able to distinguish 
between these two shapes, and to find the position of the conical or 
cylindrical axis. In a conical fold, this axis may be different from 
any of the invariant axes. The cosine of the angle between two lines 
(x, y, a) and (p, q. r) is given by xp + yq + zr. Denoting the unknown 
axis of the cone by (x. y, z), the angle between it and the various poles 
to foliation, such as (p1 , q., r), is a constant plus a random deviation. 
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That is, xp + yq + zr1  is constant apart from the random deviation. 
By minimising the sum of squares of the random deviation, the axis 
of the cone and the apical angle, which is the constant mentioned 
above, can be estlnated. The value of the sum of squares of the 
deviations is a guide to how well the surface approximates a cons 
or cylinder. A number of examples will now be worked out to 
illustrate the procedure. In these examples methods suggested in 
"Modern Computing Methods" are used. 
3 : 2 Example 1. Calculation of invariant axes. 
In this hypothetical example, seven measurements of a foliation 
plane, for example bedclig g, are used. It is supposed that the way-up 
of the bedding is known and that the strike and dip are recorded in 
such a way that the strike direction is to the left of the facing direction 
of the bed, and the dip is measured from a horizontal line facing out 
from the bed. Direction cosines of the pole directed away from the 
top of the bed are first calculated. These are cosines of the angles 
which the pole makes with a line directed north, a line directed east, 
and a line directed vertically up. If the strike is denoted by a, the 
dip by b, and the direction cosines are p. q, and r, then the 
• 	ufre rut tjoil 
:< i)oles qfter rotation 
o invarjrnt axes 
3tereograri 1 : Poles to bedding on a c:ilindrical fold, plotted on 
the lower hemisphere of a Schniidt net. 
3tereora 2 : P 01 t 3  to 	or 	conical fold. 
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required formulas are: 
p = -sina. sin  
q 	coo . sin  
r * coo  
Bedding Fiance Direction cosines 
Strike Dip sin  cos a slab coo  p q r 
98 62W .9903 -.1392 .8829 .4695 -.8743 -.1229 .4514 
93 54W .9986 .9986 .8090 .5878 -.8079 -.0423 .5878 
87 44E .9986 .0523 .6947 .7193 -.6937 .0363 .7193 
65 28E .9063 .4226 .4695 .8829 -.4255 .1984 .8829 
19 20E .3256 .9455 .3420 .9397 -.1114 .3234 .9397 
23E -.1564 .9877 .3907 .9205 .0611 .3859 .9205 
28 29E -.4695 .8829 4848 .8746 .2276 .4280 .8746 
The poles are plotted on atereograni 1. Nine quantities are 
arrayed in three rows and three columns, the rows are labelled 
p, q, and r, and the columns are labelled p, q, and r. The 
quantities are the average value of the product of the variable 
denoted by the column label- and the variable denoted by the row 




p q r 
P 	P2 Pc pr 
q 	qp q2 qr 
r 	rp rq r2 
Calculation of the covariance matrix; 
P 	q 	r 	p2 	pq 	Prq
2 	qr 	rz 
-.8743 -.1229 .4514 .76440 .10745 -.39466 .01510 -.05548 .20376 
-.8079 -.0423 .5878 .65270 .03417 -.47488 .00179,-.02486 .34551 
-.6937 .0363 .7193 .48122 -.02518 -.49898 .00132 .02611 .51739 
-.4255 .1984 .8829 .18105 -.08442-.37567 .03936 .17517 .77951 
-.1114 	.3234 9397 	.01241 	-.03603-.10468 .10459 .30390 .88304 
.0611 	.3859 .9205 	fl0373 	.02358 	.05624 .14892 .35522 .84732 
.2276 	.4280 8746 	.05180 	.09741 	.19906 .18318 .37433 .76493 
Totals 2.1473 	.1170 	-1.5936 .4943 1.15444.3415 
Totals .47 	.30676 .01671 -.22765 .07060 .16491 .62021 
The values in the bottom row can be arranged as the covariance matrix 
	
.30676 	.01671 	-.22765 
.01671 	.07060 	.16491 
-.22765 	.16491 	.62021 
The variances in this matrix, namely the terms corresponding 
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to p2, q2, and r2 , are a measure of the variability of the distri-
bution about each of three axes at right angles north, east and 
up. The covariance terms pq, pr and qr are a measure of the 
association of values about each pair of the three axes. A set 
of three axes at right angles can be found, such that there is no 
association between corresponding values about different axes. 
Each of the covariance terms will then be zero, and the distri-
butions about each of the new axes are said to be uncorrelated. 
The position oi the new, Invariant axes in terms of north, east 
and up, are the latent vectors of the original covariance matrix, 
and the variance, about the Invariant axes are the latent roots. 
The latent roots and latent vectors can be found by a process 
analogous to that of rotating a stereogram about each of its three 
axes in turn until the points representing the poles are distributed 
evenly about the principal axe.. * The corresponding algebraic 
procedure I. to premultiply the matrix by another matrix of the form 
cos 0 sin 0 0 
 -sinO cosO 0 
0 0 1 
then 1;0 .1. multiply by cos 0 -sin 0 0 
sin 9 cosG 0 
• 0 0 1 
* 	See Chapter on matrices in Sawvr (1 Q61\ 
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This corresponds to a rotation of Q about the axis in which the 
vain. 1 1s found, in this case the vertical axis, since r Is the 
mean direction cosine about the vertical axis. The value of Q 
which will reduce the value of the largest covariance term to 
zero on rotation, is given by the fact that tan 20 is equal to 
twice the value of the covariance term divided by the difference 
between the variance term in the same  tow  as the covariance 
and the variance term in the same column as the covariance 
term. This procedure is described in pages 29 and 30 of 
"Modern Computing Methods". Rotations are performed on 
each of the covariance terms in decreasing order of size until 
all are negligibly small. 
Returning to the covariance matrix found above, the 
numerically largest covariance term is pr, with the value 
-.22765. The variance term in the same column is r2 = .62021; 
and in the same row is p 2 .30676. Therefore tan 20 (-.22765 x 2) 
I(, 62021 - .30675) Hence 0 = 152.2 0 and Co. 0 = -.8846, 
sin 0 = .4664. Since the covariance here is between p and r, 
rotation will be about the q axis. The rotation matrix is there-
fore 	 -.8846 0 -.4664 
0 	1 	0 
0.4664 0 -.8846 
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When two matrices of three rows and three columns are multiplied, 
the product is also a matrix with three rows and three columns. 
The term In a given position of the product matrix is given by 
summing the products of corresponding terms in the row of the 
first matrix and the column of the second matrix which have the 
same position as the row and column of the required number in 
the product matrix. 
Thus the first term in the matrix obtained by multiplying 
	
-.8846 0 -.4664 	(676 .01671 -.22765 
0 	1 	0 	X (.01671 .07060 	.16491 
.4664 0 -.8846 	-.22765 .16491 .62021) 
is (-.8846) x (.30676) 0 x (.01671) + (-.4664) x (-.22765)=-.16518 
and the complete product matrix is 
-.16518 -.09170 -.08789 which is now 1.8846 0 .4664) 
.01671 .07060 	.16491 	multiplied 	0 	1 	0 ) 
( .34445 -.13809 -.65481 	by 	-.4664 0 -.884 
with the result 
(.1711 -.09170 .00071) 	The term pr has been reduced 
(-.09170 .07060 -.138091 	to a negligible quantity. 
(.00071 -.13809 .73990) 
The next largest covariance term is now reduced by rotating 11.20 
3;2 	 57 
about the p axis to remove the qr term -.13809. The rotation 
matrix is 
1 0 	0 	and the result 	.18711 -.08982 	.01850 
0 .9810 .1942 	 -.08982 	.04323 -.00018 
0 -.1942 .9810 	 .01850 -.00018 	.76733 
A rotation of _25.70 about the r axis, and a further rotation of 




-.00006 1 . 00009 .00786 -.00014 .00786 .76784 
The covariance terms are negligibly small and the latent roots are 
seen to be .2298, .0001, and .7678. The second of the two matrices 
used in successive rotations were: 
-.8846 0 	.4464) 	( 	o 0 
0 	1 	0 ) 	( 	.9810 	-.1942 
-4664 0 -.8846) , ( .1942 .9810 
( .9011 .4337 0) and ( .9995 0 .0314 
C .4337 .9011 0 ) ( 0 1 0 
( 0 	0 	1), 	(1.0314 0 .9995 
The product of all these matrices, taken in order, is 
(18503 	-.3020 	.4310 
(4.4192 	.8840 	-.2075 




The columns of this rotation matrix are the latent vectors of the 
original matrix. The columns are the direction cosines of the 
Invariant ax... The angles of which they are cosines are 
1480 1080 64 
1150 280 l02° 
1090  111° lsl0j 
and these can be plotted (for illustration) onstereogram, 1. The 
second column gives the direction of the fold axis, the third column 
gives the mean direction of the poles, and the first column is an 
axis at right angles to the other two. A calculation of variances 
and axis directly from the ster.ogram gives results very similar 
to those obtained here, but such a calculation would be very labor- 
ious for anything other than a simple artificial example. The rota-
tion matrix, obtained on page 57,can be used to rotate the original 
direction cosines 80 as to refer them to the new axes. The process 
is again one of multiplication. This time a one row matrix, or 
vector, is multiplied by a three row, three column matrix, and the 
result is a celu.mR vector. 
The first measurement (page 53) had direction cosines (-.8743 
-.1229 .4514). Multiplication by .8503 -.3020 —.4310 
.4192 	.8840 	.2075 
	
.3182 -.3571 	.8782 
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proceeds by summing the product of corresponding terms in each 
column with those in the vector. Thus the first term is 
(-.8743).(.85o3) + (-.1229).(.4192) + (.4514).(.3182) = -.6513. 
The complete rotated vector is (-.6513 -.0058 .7477). The 
direction cosines of the other measurements on page 53, referred 
to the invariant axes are: 
q' r' p' q 
-.6513 -.0058 .7477 orinangles 	131 1  91 0 420 
-.5176 -.0033 .8556 121 0  91 0 31 0  
-.3456 -.0153 .9382 1100 91 0 200 
.0023 .0114 .9999 890 89° 0° 
.3399 -.0160 .9409 700 91 0  190  
.5066 -.0061 .8621 600 91 0 300 
.6512 -.0027 .7588 490 91 0  41 0  
The rotated poles are illustrated on it ereogram I. The locations 
of the original measurements can be described by suitable coordi-
nates giving distance north, east and above an arbitrary point of 
origin in three numbers all in the same unit of length. The three 
numbers can be treated as a vector, just as the direction cosines 
were in the calculation above, and can be multiplied by the rotation 
matrix to express the location of different points in terms of the 
invariant axes, thus giving their relative structural position within 
4 
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the fold belt. This is a necessary preliminary to studying the 
variation of structure within the fold belt, or to describing the 
variation in fold size by harmonic analysis. 
Cross-sections: 	To illustrate the structure of a given area it 
is often useful to draw a number of cross-sections showing the 
Intersection of the strata with planes in various positions, for 
instance parallel to two of the Invariant axes. The Inclination 
of a line on the cross-section can be calculated by using the 
fact that if the poles to two planes have direction cosines p, q, r, 
and p', q', r', then the direction cosines of the line which is th e 
intersection of two planes are (q*' - rq', rp' - pr', pq' - qp'). 
If the required direction of the cross-section is known, the com-
puter can print out the angle of inclination of the strata at various 
points on the section. 
3: 3 Example 2, Calculation of invariant axes of a conical 
fold, and the axis and apical angle of the cone. 
The calculation is based on seven measurements of attitude 
of foliation, across a hypothetical fold, illustrated on ste reogram 2. 
The calculation is exactly the same as in example 1, and only the 




Bedding Planes Direction cosines 
Strike Dip p q r 
2330 4 6P 6100 -3812 6947 
2440 380 5534 -2699 7880 
2540 300 4807 -1378 8660 
2970 220 3338 1701 9272 
3400 31 0 1761 4839 8572 
3500 380 1069 6063 7880 
3560 460  0502 7176 6947 
The covariance matrix p 2 pq pr is 	.1523 -.0293 .2651 
qp q2  qr 	-.0293 .1976 .1360 
rp rq r2 	1 .2651 .1360 .6502) 
which on successive rotations reaches the diagonal form 
1
.0009 .0001 -.0140 by the rotation .8041 -.4490 .3900 
.0001 .2119 .0061 .4072 .8936 .1891 
-.0140 .0061 .7866) -.4334 .0067 .9013 
Multiplication by the rotation matrix gives the direction cosines of 




Direction cosines 	hence direction angles 
p' q' ro 
0342 -6099 7919 880 1270 380 
-0113 4844 8750 91 0  1190  290  
-0449 -3332 9419 920  1100 190 
-0642 0083 9980 930 900 30 
-0329 3591 9328 920 690  21 0 
-0087 4991 8666 91 0 600 300 
0315 6234 7814 880  51 0  380 
To illustrate what has been done, the points above are plotted 
on stereogram 2, with the invariant axes as its principal axes. 
The axis and apical angle of the cone on which the foliation 
planes are distributed can be calculated either from the direction 
cosines about the original axes, or the rotated direction cosines. 
The resulting direction cosines of the axis of the cone will of 
course refer to the same axes as the direction cosines of the 
poles to foliation. The original measurements are used here. 
The mean values of p. q, and r are calculated, then the deviations 
of each measurement from the mean. 
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Direction cosines 
p 	q 	r 
6100 -3812 6947 
5534 -2699 7880 
4807 -1378 8660 
3338 1701 9272 
1761 4839 8572 
1069 6063 7880 
0502 7176 6947 
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Deviations from the means 
p" q" 
2798 -5511 -1076 
2232 -4398 -0143 
1505 -3077 0673 
0036 0002 1249 
1541 3140 0549 
-2233 4364 -0143 
-2800 5477 -1076 
2.3114 1.1893 5.6224 Totals 
3302 1699 8023 Means 
Just as before, a matrix is calculated, this time from the deviations 
from the mean 
fr1t2 p"q" p"r" 	 (.0433 -.0854 	.0002 
q"2 q"r" 	 ( .0854 	.1687 -.0003 
r"q" r"2 	 .0002 -.0003 	.0066 
It is assumed that the poles are normal to planes which would be 
parallel to the surface of a cone or cylinder except for random 
deviation, from it. If the axis of the cone or cylinder has direction 
cosines x, y,  z then the angle between the axis and each measurement 
is constant except for the random variation. This angle is half the 




Denoting the cosine of this angle by a, a = zp + yq + zr r 
random error. Hence the random errors are given by 
a - (xp + yq + zr) for each pole to foliation (p, q, r, where 
a, x, y, and z are unknown constants. It is desired to find 
the values of these constants such that the sum of squares of 
the error terms is a minimum. This is the "least squares 
method", described for instance in Yule and Kendall, chapter 
9. The best-fit values of x,y, and z are given by the rows of 
the matrix found above. In fact, 
.0433 x - . 0854y + .0002z a 0 
-.0854x + .1687y - .0003z 0 . . . (2) 
.0002x - .0003y+ .0066z* 0 • 	(3) 
and these three simultaneous equations define the ratio x: y: a. 
From (1) and (2) 
3x433x-3x854y - 2x854x + 2x1687y = 0 
•• x • l. 9853y 
Substituting in (3) 
2(1.9853)y - 3y + 66z = 0 
a = - . 0147y 




In this form these are the direction ratios of the axis. But, 
2 	2 	2 
as a consequence of the theorem of Pythagoras, x + y + z 
1 Hence 	= .8932 (265°) 
y = .4499 (63.7°) 
z = -.0066 (90°) 
Which agrees with the axis found from the stereogram. The 
value of a is found by summing the products of x, y, z, with 
the corresponding mean values of p. q, r. 
a = (.8932).(3302) + (.4499). (.1699) + (-.0066) . (.8032) 
= .3661 (68.50) 	which agrees with the value of half 
the apical angle of the cone found from the stereogram. 
3: 4 	Example 3. Calculation of moments. 
In previous example., direction cosines about invariant 
axes have been derived, and moments could have been calculated 
for the distribution of these cosines. It is more instructive 
however, to calculate them for a number of folds, chosen to 






If a variable quantity takes a number of values the 
"roth moment of the distribution of values is the average 
of the "rth power of the values. The first moment is the 
average or mean of the distribution, and higher moments are 
generally calculated for deviations from the mean, rather than 
for the original values of the distribution. The second moment 
of deviations from the mean is also known as the variance. 
Values of the variance were found as latent roots of the 
covariance matrix. Only the first four moments are usually 
of interest. Rather than using the third and fourth moments 
directly, it may be better to calculate the"skewness" by 
dividing the third moment by the cube of the square root of 
the second moment, and the "kurtosis" by dividing the fourth 
moment by the square of the second moment. The skewness 
is a measure of the asymmetry of the fold, being zero when 
the fold is symmetrical, positive when the steeper limb 
faces the positive end of the axis from which the cosines were 
measured, and negative when the steeper limb faces in the 
other direction. The kurtosis measures the relative frequency 
of high values in the distribution. If a fold has straight limbs 




has rounded crests, then, for a given variance, high  
values of slope on the limbs are more likely than in the 
previous case and the kurtosis is larger. These values 
are independent of the size of the fold, and a number of 
folds can be treated together to give average values. 
In the accompanying structural section 4 (in back 
pocket), a number of folds of different size, tightness and 
shape were drawn. Ten measurements were made on each 
fold at equal intervals, each measurement corresponding 
to the direction cosine about the invariant axis at right 
angles both to the mean and the fold axis • Moments were 
calculated, and as can be seen these serve to distinguish 
between the features of the different folds. It was also 
found useful to calculate the average value of the direction 
sine rather than Ai. cosine. This result is the cosine of 
the average value of the slope of the two limbs, which is 
a measure of the ratio of wavelength to amplitude of the fold. 
For small folds, this could be measured directly in the 
field. Moments could also be calculated about the fold axis, 
to measure the amount of folding parallel to the fold axis. 
The variance is of course already available as one of the 
latent roots of the covariance matrix. 
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A suitable measure of fold s ize is the distance from 
crest to crest measured along one of the Invariant axes. 
Where the original measurements refer to a group of folds 
of different sizes this cannot be directly determined, for 
even if the positions of the fold crests were found, the 
presence of large iolds would be masked by the smaller 
ones. It is better to regard the value of direction cosines 
at successive points along an Invariant axis as a time series 
In which the time axis has been replaced by a space aids. 
The methods of analysing time series are then available. 
Probably the most appropriate technique for studying 
the frequency of folds of different sizes is to estimate the 
serial correlation for members of the series at different 
distances apart. The method is described in chapter 27 of 
Yule and Kendall. A graph can be drawn of the value of the 
serial correlation coefficient against distance between members. 
The height of the graph at a point representing a given distance 
can be regarded as an estimate of tie relative frequency of 
folds with a wavelength equal to the given distance. 
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It has been shown above how quantitative measures can 
be derived for features of a fold, for instance: its structural 
position; its attitude; tightness; symmetry; shape; and size. 
The Ltthology of the beds involved, expressed perhaps by their position 
in a stratigraphic section; the relationship of the fold to cleavage 
and metamorphisr; and the operator variance are other features 
which it may be desirable to take into account. These features 
can be placed on a scale and thus assigned numerical values. 
Many methods of multivariate analysis are available, 
(see Kendall). These all depend on establishing simple 
mathematical relationships between the quantities involved, but 
a simple geological relationship may not be a simple mathematical 
one. The best approach therefore seems to be to separate the 
factors or features of the folding which appear to be most 
important, and t form a number of tables with each of these 
variables in turn. The first column of the table would contain the 
values of the important variable arranged in groups in order of 
magnitude. Opposite each group could be recorded the average 
value of each of the other variable, corresponding to that range of 
the subject variable. The other tables would be the same with one 




magnitude . Tables of this kind, together with maps and 
cross-section., should indicate geological relationships. 
The techniques of multivariate analysis could then be used to 
describe and test these relationships. 
Section 4: DESCRIPTION AND INTERPRETATION OF THE 
SEDIMENTARY PETROLOGY OF THE AREA 
4. 1 	Descriptive outline of the lithology 
A detailed account of the sedimentary petrology of the Upper 
Dairadlan of the Banffshire coast was given by Sutton and Watson (1955). 
The petrology of the Upper Dairadlan of the Aberd.enshire coast from 
Peni'..tt to Rosehurty was briefly described by Read and Farquhar (1956). 
Metamorphism has altered many of the rocks to the point where their 
original composition is no longer recognisable. In the Macduff area, 
however, most of the sedimentary features of the rocks are preserved, 
particularly In the coarse-grained sediments. 
A possible correlation of the coast section is shown In strati-
graphic section 1, inside the back pocket of this thesis. Folding, 
faulting and Incomplete exposure make thickness estimation somewhat 
unreliable, and it is not surprising that the thickness of the Upper 
Dalradian estimated from stratigraphic section 1 (about 10, 000 feet) 
should not agree exactly with Sutton and Watson's estimate of 13, 000 feet 
The Upper Dalradian section from Boyne Bay to Fras.rburgh will now 
be described briefly, beginning with what appear to be the oldest rocks. 
Almost pure limestone of the Boyne Bay Group is interbedded 
with ye ry thin siltstone beds, and is overlain by progressively more 
silty limestone. There is a gradual transition in the lower part of the 
Whitehills Group from silty limestone to calcareous siltstone with thin 
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beds of shale. West of Stake Ness, nearer the middle of the WhitehiUs 
Group, the exposed siltstone and shale is non-calcareous, and is Inter-
bedded with units over a hundred feet thick of largely non-calcareous 
pebble conglomerate. 	The lithology is similar to that of the Boyndie 
Bay Group. Higher in the Whitehills Group, at Stake Ness and east to 
Whitehul., beds of slightly silty limestone are lnt.rstrattfied with 
siltstone and fine sandstone. Some beds of pebble conglomerate west 
of Whit.hilhs have a matrix of limestone, in places comprising tore 
than half the bed. Pebbles of quarts and feldspar up to a quarter-ir-
diameter are scattered through the matrix. 
The succeeding strata, outcropping on Whitehills shore and east 
to Boyndi. Bay, consist of pebble conglomerate In units of various thick-
noises up to 180 feet, separated by intervals of siltitone and shale a few 
feet thick. In the overlying Boyndi. Bay and Macduff Groups, conglom-
erate units are about a hundred feet thick, but are separated by 100 to 
1000 foot intervals of siltstone and shale. A representative section of 
the Macduff Group is described in more detail In stratigrspic section 2 
(In back pocket). 
East of Gardenstown, the top part of the Rosehearty Group consists 
of pebble conflome rate units widely separated by siltstone and shale, in 
this resembling the Ma.duff and Boyndie Bay Groups. The lower part of 
the Rosehearty Group is predominantly pebble conglomerate, thus 
resembling the top of the Whitehilis Group. In the Kinnsird's Head Group 
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at Fraserburgh, beds of calcareous siltstone and slightly silty limestone 
outcrop, not unlike the Whitehills Group at Stake Ness. But conglomerate 
with limestone matrix was not seen at Fraserburgh. 
4:2 Previous work on the deposition of the Upper Dairarlian 
A number of features observed by Sutton and Watson (1955), were 
thought by them to Indicate that the Upper Dairadian sediments were 
deposited from turbidity currents In deep water. These features include: 
graded bedding; poor sorting; load casting; absence of coarse crossø 
bedding and channel-scour; regularity of Individual beds; persistence 
of sedimentary features throughout a bed; shale Inclusions in grits; 
sharp contacts between bed.; and lnterstratlfication of coarse and fine-
grained bed.. 
Since the time that they mad, their Interpretation, many of the 
sedimentary features that they observed have been found In depositional 
environments other than deep water (see, for Instance. Dott, 1963). 
Erosional features and cross-bedding with amplitude of up to a foot are 
perhaps more common than Sutton and Watson reported. There is 
considerable lateral variation in the sediments, and pebble conglomerate 
units occur in a rhythmic n'azinsr which is not typical of turbidttes. 
These facts may weaken the argument for deep-water deposition. 
The composition of grains and pebbles in the Upper Dalradian was 




grains of opalescent blue quartz, which resembled quartz found in a belt 
of charnockitic gaeLic In the Lewislan. Since the belt is northwest of the 
Dalradlkn, they thought that the source might He In that direction. A few 
sedimentary structures measured by Sutton and Watson were found to 
indicate deposition by currents flowing from the northwest. They con-
sidered that there was an Influx of coarse 1  poorly sorted dediment in the 
Upper Dairadian, contrasting with the well-sorted sediments of the Lower 
Dairadlan. The suggested cause was uplift of a neighbouring areto the 
northwest, associated with the deepening of the basin of deposition, due 
to early Caledonia- movements. 
Examination of thin sections confirmed the above observations but 
added nothing of significance. Many current directional structures were 
measured, and again previous results were confirmed. The same 
current directions were found farther east, for Instance near Rosch.arty. 
Boulders up to three feet In diameter, which occur in laminated 
siltstone and shale, were thought by Sutton and Watson (1954) to have been 
transported by Icebergs, from which they fell to the sea floor as the ice-
bergs melted. 
The exposure of boulder-bearing siltstone and shale which was 
•anIasd by Sutton and Watson lies In the core of a syncline and cannot be 
traced far laterally. Pebble-bearing .iltstone is not uncommon elsewhere 
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on the coast, occurring sporadically through 2500 feet of Macduff Group 
strata. In places it can be traced, parallel to the bidding, to beds of 
pebble conglomerate (see stratigrapliic section 2). An obvious con-
clusion In these examples is to suppose that some coarse grains and 
pebbles were left behind during transportation of gravel, and that they 
were eventually buried and surrounded by silt. Occasional boulders 
are a few feet In diameter but their transportation by silt-laden water 
doss not seem impossible. There is other evidence of strong current 
action nearby, sufficient to erode fairly deep channels In partly con-
solidated shale. Many of the boulders and pebbles are oriented with 
their long axes normal to the predominant current direction, as though 
they had been burled while rolling downstream. Pebbles have in places 
accumulated in shallow depressions on the bed surface (see figure 16), 
apparently washed Into them by currents. It is clear that currents were 
active at the time of the deposition of the pebbly siltstone. 
4: 3 Bedding and sedimentary structures 
An attempt will be made In this and the succeeding section 4:4 
to relate features of the sediments to possible causes in terms of 
sedimentary processes. These will then be reviewed In section 4: 5, 
and conclusions drawn about the manner of deposition. 
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The orientations of a number of features, such as cross-bedding. 
ripple marking, flame structures, small wash-out structures, and 
sedimentary fabric, were measured In order to determine the transport 
directions of the sediment at the time of its burial. 	The measure- 
meats were restored to a horizontal plane by rotating about the strike. 
Since most of the fold axes are nearly horizontal, this proeedure should 
not have introduced a large error. 
17: 20. 
The results are shown In figures 
Croos-bedding, which gave a sense as well as a direction of move-
meat, was found to be the most useful indicator. There is a possibility, 
however, that cross-bedding was formed only under certain conditions, 
which might have Included an unusual current direction. It seemed 
important to measure some structure which could be found In all beds, and 
the sedimentary fabric was therefore measured. The pitch of the long 
axes of a number of elongated quarts pebbles and shale fragments was 
determined over small areas on many bedding surfaces. 
It is possible that folding altered the orientation or the dimensions 
of pebbles, but this would apply to sedimentary structures also. In the 
conglomerate units near Macduff, the pebbles are aligned parallel to the 
bedding rather than the cleavage. Where other sedimentary structures, 
such as cross-bedding, are present, they indicate a transport direction 
parallel to the long axes of the pebbles. It is therefore believed that 
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some sedimentary fabric remains. 
The long axes of pebbles and boulders In pebbly siltstone bands 
are orientated nearly at right angles to those In pebble conglomerate 
beds. They may have been rolling with their long axes normal to the 
transport direction, when they were engulfed by silt. 
As figures 17-20 indicate, longitudinal structures and cross-
bedding Indicate slightly different transport direction.. It was also 
suspected that fine-grained beds were transported from a direction slightly 
nearer north than were the coarse-grained beds. But a more complex 
analysis uld be required to prove that these impressions were not In 
fact due to tectonic effects, or errors of measurement. No systematic 
changes In current direction were noticed between different parts of the 
area or between different levels within conglomerate units. 
Most of the variation In the orientation of these structures occurs 
on a snail scale. A wide range of directions can be seen within one 
small outcrop, yet the mean directions vary little throughout the area. 
It seems reasonable to conclude that the sediment was transported 
largely by currents which flowed fairly consistently from the northwest. 
4: 32 Stratification 
Mo.. (193) offered an explanation of the formation of bedding in 
terms of hydraulic processes. He envisaged a bed forming from particles 
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which slide, roll and saltate over a relatively smooth surface. A. the 
current velocity decreases, the concentration of particles In contact with 
the surface Increases until they interfere with one another's movement. 
They tend to shelter each other from the current, and roiling grains may 
collide and jam. A "traction-clog" deposit results. The bed is then no 
longer smooth, and most grains cannot move over it by rolling but only by 
saltation or suspension. It is supposed that a range of grain sizes is 
passing over the bed, periodically coming into contact with it. If deposition 
continues, certain grains will be added to the bed. The probability of a 
grain remaining on the bed will depend on its weight and on the shelter that it 
receives from nearby grains. 	Moss suggested that the particles most 
likely to be added to the bed are the ones which are the same size as the 
particles already on the bed. Finer particles will also be trapped in the 
interstices between the larger grains. Moss regarded the finer gizins as a 
separate sub-population. The remaining grains, whether coarser or finer 
than the dominant grade, would be more exposed to current action on the bed, 
and might be carried on by the current. 
Moss pointed out that the withdrawal of material of a small size 
range from the moving grains, may mean that some other size of grains 
becomes dominant in the transported load. If the new dominant grain use 
is coarser than  the bed material, a new traction-clog deposit may form. If 
it is finer, cavities between grains on the bed will first be filled, then the 
shielding effect of the smaller particle, on one another will allow a finer 
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grained bed to spread aver the surface and be built from the particles that 
are now dominant among the saltating grains. A new bed is laid down. 
Bagnold (1956) considered the transport of heterogeneous grain., 
In which either the size or the density of the grains is variable. Steady 
transport of a unimodal range of grain sizes is possible under certain con-
ditions. The shearing stress of the fluid current will be greatest on the 
large grains, which shield smaller grains from the full Impact of the 
current. The shearing stress necessary to initiate movement of grains of 
ea&i grain size depends on the kind of force applied to the grains (this 
force should remain constant from grade to grade); and on the geometrical 
relationship of the individual grain to its neighbours on the bed surface 
(which should involve only the relative frequency of the grain size). Bagnold 
suggested that the relative frequency of eroded grains of different sizes, 
smaller than the dominant diameter, can be expressed as a simple power 
function. Likewise, the relative frequency of grains larger than the 
dominant diameter can be expressed as a simple power function, though not 
necessarily the same function. Apparently no flume experiments have been 
performed to test this theory, but it does agree with experimental results 
from a wind tunnel. If Bagnold's conclusions are accepted, then the fine 
grains In adeposit do not constitute a separate sub-population, as Moss 
suggested. They are part of a distribution of grain sizes which is deposited 
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preferentially, because of the distribution already on the bed surface. 
Moss. In suggesting that current velocity decreases when a bed 
is deposited, considered only one of the possible factors controlling deposi-
tion. Einstein (1950) and Bagnold (1956) showed that the load of grains 
that a current can support depends on the size, shape and density of the 
grains; the bed roughness; the viscosity and state of turbulence of the 
fluid; and the bed slop., as well as the rate of shear in the current. A 
change in the load along the path of the current will cause erosion or 
deposition, depending on whether the load increases or decreases down- 
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stream. Constant interc1 nge between the grains in transit and those 
lying on the bed surface, could bring about a change In some of the other 
factor, mentioned above. Vanoni (1946), for Instance, showsThow the 
load of grains may affect the state of turbulence of the fluid. 
4;33 	Graded Bedding 
Sutton and Watson (1955) have given a rather full account of the 
sedimentary structures of the area. Their description will not be repeated 
here, although a few details will be added. These authors felt that the 
graded bedding which they observed had been produced by turbidity currents 
as described by Kuenen (1953). Kuenen maintained that a gradual, 
perfectly smooth, decrease In the competence of the depositing current was 
necessary to produce a graded bed, and that there could be no check or 
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reversal In this trend. A slight extension of the ideas put forward by Moss, 
(see 4: 32), may however explain graded bedding as the result of normal 
depositional processes. As mentioned by Moss, and also by Bagnold 
(1956), coarse grains move more readily over a surface of much finer grains 
than they do aver grains the same sue as themselves. The largest grains 
are therefore likely to be found near the bass of corae-grained beds, and 
such beds are likely to have a sharply defined, slightly eroded contact with 
the underlying fine-grained sediment. 
When a current begins to deposit sediment, the coarsest grains 
are likely to be deposited first, and the finer ones carried farther down-
stream. The next current to affect the area may be weaker or stronger 
than the previous one. If weaker, it will presumably deposit smaller 
grains on top of those already laid down. If stronger, the previously 
deposited grains are likely to be interchanged with the grains freshly brought 
in by the current, and a new equilibrium established. The fine grains Would 
be carried on, and the coarsest grains brought in by both currents would be 
deposited at the upstream edge of the new deposit. Provided that a wide 
range of grain sizes is available to successive currents, the lateral gradation 
is likely to be maintained. Coarse grains would continually be added to the 
upstream edge of the deposit, by currents Inadequate to carry them over 
the rough surface of the coarse sediment. Very large grains, because of 
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their slow movement, might not be deposited with the others at all, but be 
left scattered upstream as a lag deposit. 
As loose grains cover the formerly smooth surface, transport of 
grains over it will become progressively more difficult. Fluctuations In 
the current which previously might have maintained enough shear at the 
bed surface to transport large grains across the area of deposition, would 
now pick up loose grains and be slowed by their frictional resistance. More 
and more coarse grains are likely to be deposited near the upstream edge, 
so that the material carried downstream would become finer as the loose 
debris accumulated. 	This would lead to successive layers within the bed 
having a lower average grain size. When eventually ve-y  
sediment settles on the bed surface, a new smooth surface would be produced, 
a graded bed would have been deposited, and the process could begin again. 
The graded bed would be the result of movement by many currents, or 
current fluctuttlous, and not by one only, as Kuenen supposed. 
Interchange between grains In transit and those on the bed would 
norm1ly pre vent sharp vertical changes In grain eLse wtbln the graded bed. 
However, rapid fluctuation In the depositing current might deposit grains 
without equilibrium being established between them and the previously deposited 
grains. Multiple grading might be the result. A current which originated 
within the area of deposition might remove the finer grains from the area 
over which it was accelerating. The coarse grains that remained would no 
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no doubt increase proportt.ly towards the top of the 
bed and the erosion surface. This is one possible cause 
of reverse grading. 
Reverse grading was seen occasionally in the Upper 
Dalradlan conglomerate bed., the actual gradation occurring 
over only an inch or two. It can be seen for instance, at 
the seaward end of the promontory west of Tarlair Swimming 
pool (718 648). Large-scale cross-bedding occurs in adjacent 
beds, and this association is also found elsewhere • The 
sorting of the reverse graded bed appears to improve towards 
the coarse grained layer. It was suggested above that this 
reverse grading might be produced by a local current winnowing 
away the smaller grains from near the top of the bed. Multiple 
grading is also occasionally seen. 
Graded bedding occurs in a few places, for example, on the 
west side of Boyndie Bay, in units with large-scale cross-bedding. 
The fores.t beds are themselves graded. In some of the units 
in which graded bedding and cross-bedding Is associated, the 
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cross-bedding Is very indistinct. Bed features may have 
existed on the surface of other poorly sorted graded beds at 
the time of deposition, even where no trace of them is preserved 
in the final sediment. In some thin sections of coarse-grained 
sandstone, the coarsest grains were found to be arranged in 
bands oblique to the bedding (see figure 21). The pattern 
Is apparently due In some instances to the arrangement of 
coarse grains on foreset beds which would not otherwise be 
visible. In other instances, Including some pebbly .iltstones, 
the coarsest grains occur in bands which are not parallel to 
laminations in the sediment. Perhaps these grains were 
deposited in the troughs of ripples on the bed surface. During 
deposition, the position of the ripple troughs might drift down-
stream on successively higher beds. If these bed features did 
exist, apparent] )  no other trace of them has been preserved 
in the rather uniform bed. 
4: 34 Cross-laminated beds and ripple marks. 
Very regular ripple marking is abundant in beds of fine-
grained calcareous sandstone near Stake Ness. It resembles 
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tectonic boudinage, but cross-lamination can be seen on 
cross-sections of the bed. Elsewhere, ripple-marking is 
less regular, and the breast beds of associated cross-bedding 
are scoop-shaped. It is necessary to find traces of cross-
bedding on bedding plan., to obtain reliable measurements of 
sediment transport directions. Such traces are abundant, but 
not always easy to lee. 
Small patches of pebble conglomerate with planar cross-
bedding, (see figure 25), can be explained as accumulations 
of pebbles in depressions on the surface of deposition. 
Alien (1963, a and b) showed how cross-stratification 
could form from superposition of layer, each of which had 
features such as ripple marks on the bed surface. The 
origin of bed features was considered by Bagnold (1956). 
Transport rate is a function of bed slop.. Deposition is 
likely to occur where the bed becomes less steep or where it 
slopes upstream. Changes in slope are accentuated as a 
result. Except for a very large feature, a lag is Inevitable 
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between change in slop, and change in transport rate, while 
equilibrium I. re-established. The lag distance dep•ads on 
flow velocity, degree of dispersion of the grains, and their 
relative inertia. The lag distance is likely to control the 
minimum size of the bed feature, since obviously accentuation 
of slopes will not occur in features smaller than the lag distance. 
As ripples grow In height, a critical stage is reached when the 
fluid breaks away from the crest and erosion of the lee face 
gives way to deposition. Extension downstream and further 
increase in height is possible until the flow conditions set 
some ultimate limit to the general scale. 
Since lag distance is an indirect function of grain size, 
the size of bed features may be related to the grain size in the 
bed. 
4: 35 Contrast between graded and cross-laminated beds. 
The thickness and grain size of a number of beds were 
measured in the conglomeratic units of the Macduff area. The 
frequency distribution curve of bed thickness appears to be dimodal, 
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with one peak due to cross-stratifted beds, the other to graded; 
bed., (see figure 22). When the maximum grain size within a 
bed was plotted against the average thickness of beds with that 
grain size, the relationship shown on figure 23 was found. There 
is a considerable difference between the relationship shown by 
the cross-lan1ted beds and that shown by other beds, most of 
which were graded. 
It was suggested above that since lag distance Is an 
indirect function of grain size, the size of bed features may 
be related to the grain size in the bed. The thickness of a 
cross-Jam!t,d bed is likely to depend on the size of the 
feature, on the bed surface at the time of its formation. 
The relationship between bed thickness and grain size 
In graded beds require a different explanation. If graded 
bedding for-nod by tie processes described in section 4: 33 
then each graded bed would be expected to be thickest near 
the upstream end, where the grains are coarsest. Provided that 
there was a certain amount of simllrit y  among the 
graded beds in the area, this might expkir the 
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between grain size and bed thickness. The measurements of 
thicker, more coarse-grained beds may have been made near the 
upstream ends of graded units, and the thinner, finer-grained 
beds might indicate that the observation was farther from the 
upstream end of the unit. There is considerable variation about 
the average values as would be expected if this explanation 
were correct. If the overall also of the units changed in 
response to a change in the environment, the relationship between 
bed thickness and grain size might change. But no such change 
was found between different regions or different horizons within 
the area. 
Sorting of the sediments, described by Sutton and Watson, 
is rather poor, particularly in the graded beds. It is noticeably 
improved in lenses and beds with c roes -lamlnatlons. Reverse 
grading is occasionally found, usually near cross-laminated beds. 
It was attributed to the winnowing away of fine grains by local 
currents, (4: 33). Perhaps a similar explanation would apply to 
the cross-J&m4iLted beds. Currents which originated in the area 
of deposition might cause local sorting, and the improvement 
in sorting might make it possible for regular bed features to 
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suggested that size of bed features might be controlled by lag 
distance (see 4: 33), and this in turn depends on grain size. 
Without reasonable regularity of grain size, there would be 
no regularity of lag distance, and no regularity in the bed 
features. 
To sum up, graded and cross-laminated beds appear to 
have formed under somewhat different conditions and the 
difference may be due to local current activity. It is 
possible that change in grain size and bed thickness is a 
result of movement of the site of deposition, upstream or 
downstream. If so, the changes mentioned in this paragraph 
might be expected to have some significance when examined 
on a larger scale. This will be done in 4: 4. 
4: 36 Bottom structures. 
Small flame structures (see figure 24), are common in 
the Whit.hifls area, rare elsewhere Near Stake Ness, in 
calcareous conglomerate beds, they resemble small folds 
nearby, but the concentration of coarse grain, in depressions 
between the "flames" indicates their sedimentary origin. Longitudinal 
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structures can be lien on some bottom surfaces near the base 
of conglomerate unit., particularly on the bottom of the lowest 
bed in the unit. They are illustrated on figure 26. 
Bottom structures are rather uncommon and poorly 
developed. This may be because most of the coarse-grained 
beds were deposited as part of thick conglomeratic sequences 
and only the lowest beds eroded fine-grained sediment. Pebble 
conglomerate units usually lie on eroded surfaces, and were 
therefore deposited on slltstone which had previously been buried 
and presumably partly consolidated. It seems that freshly 
deposited, thick, shaly sequences were seldom overlain directly 
by conglomerate beds, and this may account for the scarcity of 
bottom structures. 
4 : 37 Small_scale erosional features. 
The limestone matrix of some of the conglomerate beds 
near Stake Ness was presumably washed in as clastic debris 
eroded from the bed surface upstream. It is now completely 
recrystallis.d, and no clastic limestone particles were recognised. 
However, since the matrix is in places more abundant than the 
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quartz pebble., it can hardly have been introduced as cement. 
Shale and siltstone fragments are found In many beds of 
pebble conglomerate (see figure 27). The large size of some 
shale fragment., some of which are a few feet long, suggests 
that the currents which transported the conglomerate were 
capable of eroding fairly cohesive shale, and that the current 
strength was more than adequate to transport pebbles of the size 
found in the conglomerate beds • Most of the graded beds are 
covered by a parting of ailtstone or shal,. These may have 
been more resistant to erosion than the beds they cover, for, where 
the shale cover has been removed by erosion, a scoop or wash- 
out channel has generally been eroded in the conglomerate below, 
(see figure 28). 
4: 38 Lateral changes on a small scale. 
damopel;"Ae conglomerate beds abut sharply against 
beds of siltitone and shale, (see figure 27). Elsewhere, they 
are interlensed with other beds of slightly different composition 
(see figure 30b). Some of the very irregular units shown in 
figure 30b pass laterally into uniform, thick beds of pebble 
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conglomerate, slightly graded at the top and bottom. Gradual lateral chauge in 
grain size and bed thickness is commonly seen when a bed is followed along the 
strike. This change may be recurrent. as shown in figure 30 a, where some of 
the beds thicken every few feet, the thickening perhaps representing a rather 
irregular bed feature, such as mega-ripples. 
More rapid changes in the composition occur, at Tarlair for instance, 
where a bed of pebble conglomerate more than  a foot thick, passes laterally 
into a three-inch bed of graded siltstone, (see figure 29). The abruptness of 
the change may be due to the conglomerate bed occupying a hollow eroded in the 
underlying shale. On the other hand,  rapid transition from conglomerate to 
•iltstone may occur without change in the overall thickness. For example, on 
the west aid. of Dillyrnizmen (Grid reference 729 647), a bed of conglomerate 
passes within a few yards laterally to progressively finer sandstone and then to 
.11tston.. Although the conglomerate is unlaminated, the siltatone consists of 
a series of beds about an inch thick. Disappearance of lamination can also be 
seen at the west end of Tarlair Quarry, (716 649), where a uniform graded bed 
some fifteen feet thick, can be seen a few feet away to consist of a number of 
lanlinAe of sandstone and conglomerate, the laminations being only a few inches 
apart. These lateral changes, which are to be expected if the theory of forma-
tion of graded bedding of 4: 33 applies to the Upper Dairadlan, require separate 
explanation if the processes described by Kuenen (gradual, smooth decrease 
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in the competence of the depositing current) apply. 
Lateral transition from conglomerate to siltstone is likely to occur in a 
direction parallel to the current direction rather than in one transverse to it. 
Most of the section. near Macduff are transverse to the current dI.ction. 
Nevertheless lateral transition can occasionally be seen. It seems possible 
that the pebble conglomerate units of the Upper Dairadian were deposited at the 
same time as the siltstone units, and that the difference between the two is 
simply a facies change. This topic will be returned to in section 4:4. 
4:4 Distribution of the sediments on a large scale 
4:41 The shape of the pebble conglomerate units 
Where conglomerate units (sequences of conglomerate beds generally 
about 100 feet thick) can be traced along the strike, it is often apparent that 
they fill channels eroded in the underlying shale and silt.tone. An example is the 
conglèznerste unit which forms the east side of the promontory east of Tarlair 
pool. Logs E F and 0 of strat section 2 represent three traverses of this 
unit made within three hundred yards of each other on a strike section. The 
base of the unit is well exposed at the seaward end, and can be examined at low 
tide. The lower part of the unit occupies a steep-sided channel some forty 
feet deep, eroded in the underlying shale. The beds near the base have little 
lateral extent, whereas the beds near the top of the uni ~ can be followed for some 
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distance along the strike. 
While the thickness of conglomerate units changes quite rapidly 
along strike, it is apparently much more constant parallel to the dip. 
This can be seen In a number of units which outcrop repeatedly because 
of folding. Measurements of thickness in the Macduff area were plotted 
on an isopach map, (strat map 1. In back pocket). This shows units 
which appear to be several miles long, but which thin considerably 
within about three hundred yards laterally. In size and shape they 
compare with shoestring sands described by Potter (1962). 
The thickest parts of successive bodies seem to He along the 
same line, more or less parallel to the coast. Nearby units tend to 
be rather alike in their maximum thicknesses, although the thickness 
tends to decrease ascending the sequence, that Is from west to east 
across the isopach map. The thickness of the siltstone and shale 
intervals between the conglomerate units Increases as the thickness 
of the conglomerate units decrease., (see structural cross-sections). 
Possible objectioiis to the statements of the last paragraph include: 
The thickness variation may have a tectonic rather than a 
sedimentary cause. 
Resemblances between successive units may be due to these 
being parts of the same unit repeated by strike faulting. 
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(3) 	The elongate appearance of the conglomerate units may be 
deceptive and due to the elongate pattern of measurements, 
which were confined to a narrow belt along the coast. 
For the following reasons, the.e objections are not thought to 
be valid: 
Walking along the strike, one can see that overall thickness 
variation is r.lat.d to changes in individual bed., such as 
lateral change from siltstone to conglomerate, or change in 
thickness accompanied by change In grain size. These 
changes evidently do not have a tectonic origin. 
Strike faults are in fact present, and many of them may have 
gone unr.cognl.ed. But faulting could hardly have caused 
the se'nence on the well-exposed section to the most of 
Boyndie Bay without being visibie and without crossing any 
ci.erate unit. Between Stocked Head and Oard.nstown. 
where strike faulting is easily seen on the cliff sections, the 
faults are not abundant, and have small displacement. 
Measurements of one repeated unit may occupy an area as 
wide as It is long, yet as shown on the isopach map, the 
elongate trend is visible there also • The parallelism of 




bodies is presumably due to the resistance of these units 
(particularly where they are thick) to erosion. The head-
lands and promontories on this part of the coast are almost 
all composed of conglomerate, whereas .iltstone and shale 
outcrop in the bays. 
It will be noticed that the long sass of the shoestring conglomerate 
units are approximately parallel to the predominant current direction and 
that these units tend to become thinner downstream. 
4:42 Changes within pebble conglomerate units 
Conglomerate beds with shale fragments are commonest in the 
lower part of conglomerate unit., as shown by the following table • The 
index number of each unit is shown on strat map 1 (in back pocket). The 
traverse of each unit was divided into four quarters, and the number of 
beds with shale fragments counted in each quarter is recorded in the table. 
Index number 1 2 3 4 5 6 7 8 9 10 Totals 
Top-i 0 2 0 2 0 0 0 0 0 0 4 
0 2 1 0 2 0 0 0 3 1 	9 
1-1 	1 2 0 6 1 0 1 0 1 	0 	12 
-base 	1 3 0 5 4 2 2 3 0 0 	20 
A chi- squared test of the totals showed that this distribution is not 
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The Increase lathe proportion of shale fragments towards the 
base of each unit could simply be due to the greater availability of 
fine-grained sediment lathe underlying beds. But it also appears 
that beds In this position caused more erosion than those higher 
in the unit. This can be seen, for example. at Elf Kirk, west of 
Scotetown, Banff. Near the base of the conglomerate unit, the 
beds are generally lenticular and lie on eroded surfaces, (see 
figures Zaa and zeb). 
Other vertical changes within a conglomerate unit occur. The 
base of a conglomerate unit is generally a sharp boundary, with 
fine-grained sediment below, coarse-grained sediment above. 
At the top of a conglomerate unit, the changes are much more gradual. 
Conglomerate beds are more and more widely separated by shale 
or siltstone, and are progressively finer in grain size. The number 
of coarse-grained beds, and the number of thick beds also tend to 
decrease upwar ."ithln a conglomerate unit. The following tables 
illustrate this for ten units where grain size and thickness of 
successive beds was measured. The coarse-grained beds have 
grains more than one fifth of an inch in diameter, the thick beds 
are more than thirty Inches thick. Chi-squared tests of the totals 
showed that the distribution is unlikely to arise by chance alone. 
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Table showing number of coarse-grimed beds in different portions 
of ten conglomerate unit.: 
Index number ofunit 1 2 3 4 5 6 7 8 9 10 	Totals 
Top ofunit 	 0 0 2 1 0 0 0 0 2 8 	13 
1-k 	22530000216 	39 
01087100170 	34 
1-base 	1Z9 512124150 	60 
Table showing number of thick beds in different portions of ten 
conglomerate units: 
Index number ofunit 1 2 3 4 5 6 7 8 9 10 Totals 
Top of unit 	 1 0 1 5 0 1 2 2 0 	1 	13 
1-1 	12 4132000 	2 	15 
k-I 0 8 2 4 2 1 2 1 2 	1 	23 
1-bass 	1174133414 	3 	41 
Within a pebble conglomerate unit, there appears to be a crude 
gradation In grain size, from a coarse-grained base to a Line-grimed 
top which merges with the uiltstone interval above. There is another 
analogy with graded bedding, for, just as In the case of graded beds, 
there appears to be a relationship between unit ui.ckness and grain 
size, though as the following figures show, this relationship is not 
exact. The first row gives the thickness, in feet, of the ten conglomerate 
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number of beds within the unit 'ithich had grains more than one 
fifth of an inch In diamater. 
Unit thickness 	55' 61' 82' 88' 98' 107' 121' 130' 135' 148' 
Coarseugrainedbeds5 14 	3 2 	3 	1 	45 	12 	41 20 
The changes that have been described in the pebble conglomerate 
units an a whole, are also found within the units. The smaller rhythms 
are illustrated In figure 31. Within a rhythm there is a progressive 
decrease In grain size, and in bed thickness. The change is some-
what erratic, and can be seen moreeasily where the measurements 
are smoothed to reduce the effect of random variation. Shale 
fragments are common in the conglomerate beds near the base of 
the rhythm, cross-bedding is more common near the top. The 
lateral variability of the thickness of the unit is greater near the base 
of the rhythm than near the top. The top of the rhythm is marked in 
many places by the occurrence of a short interval of siltetone beds, 
which may be partly eroded by the succeeding rhythm. The changes 
within a rhythm are asymmetrical, the incoming of coarse pebble 
conglomerate at the base being generally abrupt, and the change to 
finer-grained, thinner beds being gradual. 
Counts of cross-laminated sandstone and conglomerate beds 
at different positions within conglomerate units are given in the 
following table. 
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Index number ofunit 1 	2 	3 4 5 6 7 8 9 10 Totals 
Number of beds in 
unit 	122 153 148 122 105 109 68 29 127 44 
Cro. 5..1sntInt.d 
beds 	8 	31 2 26 15 44 13 1 14 0 
Top oi unit *1 	4 11 0 5 5 8 6 0 7 	0 	46 
4 18 1 15 5 14 5 0 2 	0 	64 
0 	2 1 1 4 20 1 1 4 	0 	34 
1-base 	0 	0 0 5 1 2 1 0 1 	0 	10 
Cross-bedding appears to be more abundant towards the top of 
each unit. It also appears to be more abundant in the B.oseheart> ar a 
than in the Macduff area. 
Sorting appears to be better in areas where there is much cross-
bedding, and particularly in the cross-lamtr.t.d beds themselves. 
Reasons for this association between good sorting and cross-bedding 
have been given in 4:35. 
The sandstone and conglomerate beds near the top of conglomerate 
units are more widespread than those near the bass, (4:41). They re-
semble sheet sands rather than shoestring sands (see Potter, 1962). 
The conglomerate units near Ros.heazty appear not to show the thickness 
variation of those near Macduff, and there is isis evidence of erosion. 
They, too, may be of sheet sand type. Conglomerate sheets, in the 
absence of the shelter provided in a channel, may have been more 
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affected by local, gently fluctuating currents, with consequent improved 
sorting and the formation of cross-bedding. 
It has been proposed above that near the utream Limit of 4.-
position, the coarser grains were deposited and the beds were thicker 
than farther downstream. The changes within conglomerate units may 
therefore be related to movement of the site of deposition, and resulting 
lateral movement of Incise. 
4: 5 Summary and Conclusions on Deposition 
The Upper Dalradlan sediments appear to have been deposited by 
currents which flowed predominantly from the northwest over the entire 
subject area, throughout the period of deposition. It was suggested. 
(4: 33), that segregation of grain sizes occurred during transport. The 
reasons for segregation during transport were summarised by Moss (1963). 
Briefly, different grain sizes are dispersed to different heights within the 
flow, and thus are moved by fluid flowing at different velocities. Because 
of friction, the flow is usually slowest next to the bed, where the coarse 
grains move. However, the distribution of grain size, already on the 
bed surface has an Important effect on the rate of transport over it. 
Interchange between grains on the bed and grains in transit will generally 
occur. Grains on the bed will exert a shielding effect on smaller grains 
deposited on the surface. Because of this, while there may be segre-
gation over a large area, the sediment deposited at any one point will 
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tend to be rather poorly sorted. 
One might expect, moving downstream, to pass first across an 
area of erosion, then an area in which only the largest pebbles and 
boulders renipined. Farther downstream, beds of siltetone and shale 
might be deposited during periods when the currents were quiescent. 
Because of their smooth surface and cohesiveness they might be more 
resistant to erosion than sand or gravel. This would agree with the 
results of Einstein'. studies (1950) where medium-.grained material 
was found to be transported by a river in its normal state, and boulders 
and mud were transported in period, of flood. Downstream, a bed of 
coarse gravel might collect, and this might show a general transition 
downstream to sandstone, then to slltstone, and finally shale, at the 
downstream limit of sedimentation, (see figure 32). 
Bagnold (1956) showed how the nature of the bed surface affected 
the rate of transport of sediment over it Where the bed has a smooth, 
cohesive surface (a "fixed" bed) conditions are favourable for coarser 
material to be swept forward by the first competent current. When the 
coarse sediment spreads over the bed surface, it forms a barrier to the 
movement of material of similar size, and a slowly moving zone of 
coarse debris is likely to form on the bed surface Patches of coarse 
grains on present-day sea floors have been desribed by Stride (1963) and 
Off (1963). Graded beds might form, (4:33), as the area of coarse 
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sediment migrated downstream, (see  figure 33). 
In the Upper Dairadian, the sequence of sedimentation can be 
expected by migration of this pattern of sedimentation upstream and 
downstream as sedimentation proceeded, (see figure 34). The erosion 
of channels In siltstone would take place, on this hypothesis, when the 
area of deposition had migrated downstream. Subsequently, sediment 
might be deposited progressively nearer to its source, and first coarse 
gravel, then finer sandstone would fill the eroded channels • The channels 
appear to have been filled before the deposition of conglomerate gave 
way to siltstone and shale, and sheet sands may have developed as 
coarse secldraent )rea( Lartaer over the uec surface. 	he cn1ornerate 
beds oi thc o;eieart area are rather finer- b rained than those with 
which they have been correlated in the Whitehills area, nearer the 
source. Erosion of deep channels does not appear to have occurred near 
tosehearty. Since channels at different horizons lie along the same 
trend in the Macduff area, there *ay have been some relatively permanent 
ieature controiiirig their position. This could have been a river or a 
submarine caron situated upstream from the rocks now exposed. 
The similarity in the thicknesses of successive conlomeratic 
units suggests regularity in the migration of the site of deposition. The 
migration might have been controlled by effects of sedimentation, such as 
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the alternate building and destruction of bar., or it might have been 
controlled by some outside agency, such as change o sea level rela-
tive to the sea floor. No feature of the sediments has been noticed 
that would enable the cause to be stated more definitely. 
The lateral variability and the erosion which preceded deposi 
tion of some of these beds may have some significance in considering 
the regional stratigraphy. Evidence for the existence of the Boyne 
Line, (R.ad, 1956), depends partly on the etratigraphy of the area, 
for instance, the impersistence of the Boyne Limestone when traced 
along the strike. There is evidence of lateral transition from lime-
stone to shaly beds of the Cowhythe Gneiss west of Boyne Bay, as hag 
been mentioned by Read. The pebble conglomerate beds of the upper 
part of the Whit.hifls Group, (see stratigraphic section 1), may contain 
clastic fragments of limestone (4:37). The possibility that the Boyne 
Limestone has been completely removed by erosion in some areas to 
the south does not appear entirely improbable., 
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structural  _cross section 3 
STRUCTURAL CROSS SECTION NEAR MACDUFF 
S 	 . 	
St€reograms show : 	 INDEX LE TTERS REFER TO MEASURED SECTIONS IN STRAT SECT/ON 2 
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Poles to bedd;ng • and cleavage >- 
SI 	 • • 	 - 	- 	- . 
join 	
N 
(reat circles join mecisurem€nts 	
k 	 t. •1 pebble conglomerate 	
SCALE 	O 	'1 /'DS 1 
mode at same location. 	 BEDD/NG(1 e (&&4 4GE 	 I 
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Map shows high and low watermarks. 	Stercograms A 
show fold axes C+) and poles to bedding planes c•. 
Stereograms B show poles to fold axial planes c+ 	I 
and poles to cleavage pJanesc.. 
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